
MICROBIOLOGICAL REVIEWS, Mar. 1978, p. 114-160 Vol. 42, No. 1
0146-0749/78/0042-0114$02.00/0
Copyright © 1978 American Society for Microbiology Printed in U.S. A.

Anatomy and Chemistry of Spirochetes
STANLEY C. HOLT

Department ofMicrobiology, University ofMassachusetts, Amher st, Massachusetts 01003

INTRODUCTION ........................................ 114
OUTER SHEATH ........................................ 116

Location and General Morphology ........................................ 118
Negative stains ........................................ 118
Thin sections ........................................ 121

Isolation and Characterization ........................................ 121
Solubilization and reaggregation ........................................ 121
Chemical composition ........................................ 123

LPS
........................................ 126

AXIAL FIBRIL
........................................ 126

General Morphology and Location ........................................ 126
Size 127
Sheath and core ........................................ 127
Insertion apparatus ................................ 129

Characterization of Purified Axial Fibrils ................................... 129
Isolation and purification ................... ..................... 129
Morphology ........................................ 129
Physical and chemical characteristics .................................... 132
Electrophoretic characterization ........................................ 132
Physical and chemical effects on axial fibrils

............................. 132
Function ........................................ 133

PROTOPLASMIC CYLINDER ............... ... ...133
Basic Morphology ................................. 133
Presence and Location of Peptidoglycan Layer .............................. 133
Characteristics of Peptidoglycan ..................................... 135
Fibrils ............................. 135
Perimural fibrils 136
Cytoplasmic fibrils .............................. 136
Helical fibrils 138

CYTOPLASMIC MEMBRANE 139
CELL DIVISION 139
HOST-ASSOCIATED SPIROCHETES 139
Morphological Studies of Spirochete-Host Interactions 141
Brine Shrimp Association 141
Swine Dysentery 141
Syphilis 141
Skin Lesions: Yaws 142
Gastrointestinal Tract ..142
Xylophagous Insects ..147

CONCLUDING REMARKS ...152
LITERATURE CITED ...153

INTRODUCTION

Biologists have been fascinated with the com-

plexity and multitude of morphologies that exist
in the microscopic world ever since van Leeu-
wenhoek observed "very little animalcules" in
1674 (57). Among the numerous observations
and recordings made by van Leeuwenhoek some
appear to be of spirochetes; in 1681 he wrote to
the Royal Society (57, letter 34) on a host of
subjects, including the "animalcules" found in

his feces during a bout with diarrhea. Dobell
suggests that it is here, in letter 34, that van
Leeuwenhoek "... in no uncertain terms (de-
scribed) the discovery of intestinal protozoa and
bacteria of man." In addition, letter 34 describes
for the first time organisms that ". . . had a very
nimble motion, and bent their bodies serpent-
wise and shot through the stuff as quick as a
pike through the water" and that were, presum-
ably, spirochetes. After examining material re-
moved from the teeth of an old man, van Leeu-

114



ANATOMY AND CHEMISTRY OF SPIROCHETES

wenhoek noted, "I found an unbelievably great
company of living animalcules aswimuing more
nimbly than any I had ever seen up to this time.
The biggest sort (whereof there were a great
plenty) bent their body into curves in going
forwards..." It is probable that this large bent
organism (reference 57, Fig. G, letter 39, 17 Sep-
tember 1683) was a spirochete, possibly Spiro-
chaeta buccalis (Borrelia buccalis).
The majority of observations of spirochetal

morphology in the early years of bacteriology
were made on organisms of medical impor-
tance-for example, Treponema pallidum ob-
tained from a lesion. Early investigators, notably
Zuelzer (239), Dobell (56), and Noguchi (150),
began the morphological investigations of spi-
rochetes by employing light microscopy. Morton
and Anderson (143, 144) were the first to use the
electron microscope in an examination of T.
pallidum Nichols and Leptospira. The literature
concerned with spirochete morphology to 1960
has been reviewed by Babudieri (9-11), to which
the reader is referred for detailed information.
The potential of the electron microscope as a

tool for analysis of biological ultrastructure was
widely realized only in the 1950s, when the re-
sulting infornation could be associated with the
chemical analyses of isolated cell fractions such
as cell walls, membranes, mitochondria, flagella,
and nuclei. Patterns of structural-functional re-
lationships emerged, which may be reaching
their zenith in sophisticated studies of mem-
brane-nucleoid associations (126). The full force
of structure-function investigations are seen in
the attempts to localize enzyme complexes, for
example, and discern their in vivo roles by inte-
grated morphological, biochemical, and genetic
analysis.
Order Spirochaetales. The term spirochetes

will be used to encompass this group of flexuous,
thin, gram-negative, chemoheterotrophic, heli-
cal-shaped organisms, which differ morphologi-
cally from other procaryotes by the presence of
an axial fibril, known also as an endoflagellum,
axistyle, or axial filament (12, 192, 193). Mem-
bers of the group thus far examined invariably
possess an outer sheath, which surrounds the
cell, a protoplasmic cylinder, consisting of the
cell wall, cell membrane, and the enclosed cy-
toplasm, and the axial fibril. Some, or all, of the
basic spirochetal structural features are seen in
even the earliest electron micrographs (5, 25, 49,
116, 117, 128, 140, 142-144, 173, 191, 226, 233)
and are shown in micrographs and diagrams in
Fig. 1, 2, and 3. By current definition, any pro-
caryotic cell with an axial fibril is considered a
spirochete. However, no longer is overall cell
outline, as deduced from light microscopy, suf-

ficient to mark an organism as a spirochete;
witness the members of Spiroplasma that (Fig.
lk and 2b) have a gross morphology strikingly
similar to those classically associated with Spi-
rochaetales.
The members of the order Spirochaetales are

grouped into five genera, Spirochaeta, Cristis-
pira, Treponema, Borrelia, and Leptospira, and
the genera are separated from one another on
the basis of morphological and physiological
traits (34, 192, 193).

Descriptions have been based on organisms
growing under very different environmental con-
ditions, and thus different physiological condi-
tions, but several morphological traits appear to
be stable and sufficiently distinctive to serve as
key characteristics for generic differentiation.
Among these are the wavelength of the coils, the
presence or absence of terminal (polar) hooks,
the shape of the cell poles, and the number of
axial fibrils. In general, the dimensions vary from
0.1 to 3pm in diameter and 3 to 500,um in length.
Spirochaeta (Fig. lb and h) cells are 0.2 to 0.75
by 5 to 500 ,um, with uniform amplitude of the
coils; the cell poles are relatively straight with
rounded ends. Two axial fibrils, one at each end
of the cell, are present. Cristispira (Fig. la)
range in size between 0.3 and 3 by 30 and 150
,um; the cell poles may be rounded, tapered, or
pointed and possess a characteristic rigid spicule.
As many as several hundred axial fibrils are
normally present at each cell pole. Treponema
strains (Fig. le, g through j) range in size from
0.09 to 0.5 by 5 to 20 pm, and cells of several of
them have irregular wavelength along the coil;
cell poles are rounded or tapered, and each
characteristically possesses from three to five
axial fibrils (45, 93, 95, 96, 98, 188). Borrelia
strains (Fig. lf) as large as 1 by 25 pm have been
observed; the coils of Borrelia cells are longer
and looser than those of the treponemes; cell
poles are tapered or pointed, and each bears 15
to 20 axial fibrils. The Leptospira (Fig. lc) range
in size between 0.1 by 6 and 0.1 by 20 pm.
Characteristics of the genus include the regular,
tight coiling of the central portion; either one or
both of the cell poles take the form of a hook
and a single axial fibril at each pole of the genus.

Particularly for members of the genera Tre-
ponema and Leptospira, the degree to which the
same or different organisms may have been as-
signed the same or different names is often un-
certain. It will be my practice in this essay to
refer to organisms by the names used in papers
dealing with their anatomical details; whether
this practice will have the desired result of avoid-
ing the arbitrary "lumping" of independent iso-
lates, which may indeed differ from one another
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FIG. 1-24. The following abbreviations are used: axial fibril, AF; axial fibril core, AFC; outer sheath, OS;
axial fibril sheath, AFS; protoplasmic cylinder, PC; axial fibril insertion pore, IP; electron-opaque particles,
P; cytoplasmic membrane, CM; mesosome, M; cytoplasmic tubule, CT; rhapidosome, R; honeycombed
proximal hook, PH; insertion disks, D; axial fibril neck, C; axial fibril-associated membrane, Mm; striated
tubules, ST; peptidoglycan, Pg; adjacent outer sheaths, DOS; cytoplasmic fibrils, CF; perimural fibrils, PF;
cytoplasmic region, CR; helical lipoprotein layer, H; treponemes, T; collagen fibers, CL; pinocytotic vesicle,
PV; intracellular space, I; spirochetes, S; microvilli, MV; cytoplasmic membrane bleb, CYB; residual
desmosomes, RD; protozoan flagellum, F; Pyrsonympha membrane, Pm; transitional zone, TZ; vesicles, V;
potassium phosphotungstate, KPTA; uranyl acetate, UAC; ammonium molybdate, NH4MoO4. All figures
reproduced here are done with appropriate permission.

FIG. 1. Phase-contrast photomicrographs of representative spirochetes. (a) Cristispira species from the
crystalline style of Cryptomya californica; (b) S. plicatilis; (c) L. interrogans icterohaemorrhagiae with
characteristic hooked ends; (d) intermediate type B spirochete found occurring with S. plicatilis; (e) irregularly
coiled, pointed-end T. pallidum from rabbit testes; and (t) B. anserina from chicken blood. T. zuelzerae from
logarithmic growth phase and S. stenostrepta are seen in (j) and (i), whereas the very small T. denticola and
S. litoralis are seen in (g) and (h). (k) Dark-field photomicrograph of suckling mouse cataract agent
(Spiroplasma) in chorioallantoic fluid from 4-day-infected embryonated hen eggs. (a, c, e, Dl are from D. Kuhn,
Bergey's Manual of Determinative Bacteriology, 8th ed; (b, d, g, h) from reference 20; (i, j) from reference 34;
and (k) from reference 215.

in important ways, will undoubtedly be known Hollander (216, 217) provided some of the ear-
only after careful, future comparative taxonomic liest evidence for the presence ofan outer sheath
studies have been undertaken. in spirochetes on the basis of antibody-aggluti-

OUTER SHEATH nation studies. T. pallidum Nichols, freshly iso-
lated from rabbits, were not agglutinated by

Hardy and Nell (81) along with Turner and treponeme-specific antibodies, although aged
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FIG. 2. Electron micrographs and interpretative drawing of representative spirochetes and Spiroplasma.
(a) Chromium-shadowed L. interrogans icterohaemorrhagiae with cell poles, characteristically hooked
(arrows). (b) Suckling mouse cataract agent (Spiroplasma) in chorioallantoic fluid. Note the absence of axial
fibril. (c) S. stenostrepta Z1; (d) L. interrogans B16. In (c), the axial fibril core and axial fibril sheath are
evident. (e) T. zuelzerae-the axial fibrils that extend for most of the cell length and wind with the
protoplasmic cylinder are in a 1-2-1 (arrows) arrangement and overlap in the central region of the cell. (t)
Basic anatomical components of spirochetes as interpreted from electron micrographs; surface views. (c
through e) UAC, negative stain; (b) KPTA, negative stain. (a) is from reference 191; (b) from reference 215; (c)
from reference 90; (d) from reference 147; and (e) from reference 113.
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AF Axial Fibril
OS Outer Sheath
IP Insertion Pore
LL Lipoprotein Layer
NR Nuclear Region

3

FIG. 3. Diagramatic representation of a typical spirochete as interpreted from electron micrographs. An
outer sheath envelopes the cell. The axial fibrils are between the outer sheath and the layers of the
protoplasmic cylinder (depicted here as a lipoprotein layer, as found in S. stenostrepta) and insert into the
cylinder by way ofan insertion pore.

cells were agglutinated. Because heated cells did
not show this change in seroreactivity, they pro-
posed that a nonreactive extemal physical bar-
rier was lost from the aging cell. The then avail-
able electron microscopic studies were consist-
ent with this interpretation.

Location and General Morphology
Negative stains. The outer sheath is seen as

the most extemal layer of the cell (Fig. 2a and
c through e, 4a through c, 5a and e through g,
6a, b, and d through f). In preparations that were
not extracted or chemically treated, this sharply
delineated layer varies in fine structure from
smooth and nontextured, e.g., in Spirochaeta
stenostrepta (Fig. 2c and 7e), to a morphologi-
cally complex layer of polygonal subunits as in
S. aurantia (Fig. 4a; reference 31), S. litoralis
(88), and T. microdentium (96). The polygonal
subunits are approximately 8 nm in diameter
and are separated by a 2-nm space. These or
different anatomical features might be looked
for in the strains not yet examined. Listgarten
and Socransky (128) observed, in an as yet un-
cultivated large spirochete associated with acute
necrotizing ulcerative gingivitis, an outer sheath
they characterized as being "pinstriped" (Fig. 4b
and d). These parallel stripes (15 to 16 nm wide
and separated by a 5- to 6-nm space) may result
from a folding of the outer sheath such that two
layers with polygonal subunits are nearly super-
imposed on one another. In other small- and
intermediate-size spirochetes, the outer sheath
subunits were also polygonal, but had a diameter
of 0.8 nm and were separated by a 0.2-nm space.
A central core in the polygonal subunits often
could be discerned (129). In two cultivable trep-

onemes, T. refringens and T. genitalis, the outer
sheath (referred to by Hovind-Hougen [95] as
the RS or SL layer) of enzyme- or detergent-
treated cells contained holes, rings, pits, or de-
pressions arranged either pentagonally or hex-
agonally in tightly packed rows. The center-to-
center spacing of this substructure varies be-
tween 4 and 10 nm; the pits have a mean diam-
eter of approximately 5 nm (95-98).
The outer sheaths of S. plicatilis, all Borrelia

species, and T. phagedenis strains so far exam-
ined are characterized by a lack of structural
detail (20, 94, 95). A large free-living spirochete
(designated type B by Blakemore and Canale-
Parola; reference 20) found associated with S.
plicatilis (20) contains fibrillar elements that
run transversely across the cell (Fig. 4c and e;
reference 20). Fine, transverse striations, having
a periodicity of 4.5 nm, have been described by
Birch-Anderson et al. (18) in the outer sheath of
Leptospira interrogans pomona.

In most cases, treatment of spirochetes with
surface-active agents and/or enzymes results in

a dramatic alteration or rearrangement of the
outer sheath. Thus, for example, when T. geni-
talis is treated for short (30 s to 1 min) periods
with sodium deoxycholate, not only is the outer
sheath substructure disorganized to reveal pits
(see above), but thin fibrils, approximately 2 nm
in diameter, are also seen. Similarly, when T.
phagedenis and T. vincentii are treated with the
myxobacter AL-1 protease or the detergent Tee-
pol, the outer sheath is likewise altered to expose
a fine structure ofclosely apposed, parallel zigzag
fibers (95). The fibers are separated by a space
approximately 8 nm wide. Similar treatments
also disorganized the outer sheath substructure

IP
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FIG. 4. Electron micrographs of negatively stained portions of S. aurantia Jl (a), a large spirochete from
gingival debris (b, d), and the type B spirochete (c, e) found associated with S. plicatilis. The outer sheath in
the spirochetes varies from polygonal (a) to pinstriped (b). The pinstriped arrangement gives way to a cross-
hatched pattern where the stripes overlap at the ceUperiphery (triangles, d). The type B spirochete (c, e) has
a striated or fibrillar outer sheath (e, arrow). The axial fibril is located below the layers of the outer sheath
(e) and inserts directly into the axial fibril insertion pore (a). (a through c) NH4MoO4; (b, e) KPTA. (a) is from
reference 31; (b, d) from reference 128; and (c, e) from reference 20.
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FIG. 5. Electron micrographs of negatively stained preparations of protoplasmic cylinder contents and

axial fibril arrangements. At least three axial fibrils are apparent in T. calligyrum (a), whereas Leptospira
B16 (d), pomona (t), and S. aurantia (e, g) each contain one axial fibril inserted into the insertion pore at one
cell pole. In (d, f, and g) the outer sheath has been removed or disrupted; note the underlying protoplasmic-
cylinder components. The axial fibril makes a sharp bend as it enters theprotoplasmic cylinder (a, d, e). Note
that the axial fibril sheath ends at the proximal hook, revealing the naked axial fibril core (e through g). T.
calligyrum treated with sodium deoxycholate or the myxobacter AL-I protease (a and b, respectively) displays
cytoplasmic tubules in the protoplasmic-cylinder interior. Short rods, similar to rhapidosomes, are seen in
SDS-treated S. litoralis (c). (a, b, f, g) NH4MoO4; (c, d) KPTA; (e) UAC; (t) glutaraldehyde fixation, NH4MoO4
stain. (a, b) are from reference 96; (c, e) from reference 113; (d) from reference 147; and (t) from reference 18.

in T. minutum and T. microdentium, although
in the other cultivable treponemes these deter-
gents had little, if any, visible effect.
One must be cautious in interpreting details

of fine structure because attention must be paid

not only to the physiological condition of the
cells being examined but also to physical and
chemical treatments, including the stains used,
their pH, and the method of staining. Whether
a given reagent acts as a positive or negative
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stain depends not only upon the pH, but also on
the isoelectric point ofthe component molecules,
among many factors (9, 25, 48, 71, 91, 92, 224).
The need for these considerations can be shown
in, e.g., S. aurantia. Exponential-phase cells
stained directly in the growth medium had little
if any structural detail in the outer sheath,
whereas cells washed free of growth medium
displayed polygonal fine structure in the outer
sheath (Fig. 4a). Whether or not such manipu-
lation removes a surface (slime) layer (see ref-
erence 81) masking this substructure, blocks
stain penetration, or generates artifacts is un-
known.
Thin sections. The profile of the outer

sheath is seen as a unit membrane (169; Fig. 7a
through d and g through j). In many species,
e.g., L. interrogans, S. aurantia, S. litoralis, and
T. zuelzerae, the outer sheath appears loose
(Fig. 5a, c, g, and i) or tight fitting (Fig, 7b and
d), depending upon the fixation procedure. The
tight-fitting sheath is seen in glutaraldehyde +
osmium-fixed cells and may be the result of
immobilization of outer sheath proteins by glu-
taraldehyde as a consequence of protein cross-
linking and membrane protein stabilization (76);
the loose-fitting sheath is seen when cells are
fixed directly in the slow-penetrating fixative
osmium (114, 147), which is a much less effective
cross-linking reagent. S. stenostrepta, on the
other hand, possesses a loose-fitting outer sheath
even after double fixation in glutaraldehyde +
osmium (R. Joseph, Ph.D. thesis, University of
Massachusetts, Amherst 1971). Do these appar-
ent differences in outer sheath ultrastructure
reflect differences in either its chemical compo-
sition or linkage to the underlying protoplasmic
cylinder? With both fixation procedures (glutar-
aldehyde; glutaraldehyde + osmium), the outer
sheath is preserved as a unit membrane com-
posed of two 5- to 8-nm electron-dense layers
separated by an electron-transparent region of
similar dimension.
Although an outer sheath was said to be ab-

sent in thin sections of T. pallidum Nichols
(205), Johnson and co-workers (109) have shown
quite clearly the presence of a triple-layered
outer sheath in their strain of T. pallidum Ni-
chols. It seems likely that these conflicting re-
ports stem from examination of freshly isolated
cells fixed with a minimum of preparatory steps
(109), as opposed to the examination of cells
fixed after extensive manipulative steps (205).
The recent experiments of Zeigler et al. (237),

utilizing a ruthenium red fixation and staining
technique, have demonstrated the existence of
an external layer associated with the outer
sheath of T. pallidum Nichols, but not with T.

phagedenis Reiteri or T. refringens Nichols.
Ruthenium red-staining material is usually re-
garded as some form of acid mucopolysaccharide
(22, 23, 132, 133). T. pallidum Nichols, grown in
testicular tissue, showed a thick electron-dense
layer after ruthenium red fixation; interconnect-
ing fibrils were also found between adjacent
cells. This outer ruthenium red-positive layer
was retained on cells fixed with 1% glutaralde-
hyde even after several washings (112); without
glutaraldehyde fixation, the cells lost both this
outer electron-dense material and the outer
sheath. Whether or not this material may be of
importance in bacterial adhesion, as are other
extracellular polymers for other organisms in
other habitats (69, 158), is yet to be determined.

T. refringens Nichols and T. phagedenis Rei-
teri were "ruthenium red negative," but this
finding does not rule out the presence of other,
different extracellular surface-associated mate-
rials. It is also unclear if these materials are
produced by the spirochete or formed by the
host in response to the spirochete.

It appears, at least in T. pallidum (111), that
the outer sheath contributes to the morpholog-
ical integrity of the treponemes, because expo-
sure of washed cells to trypsin, lysozyme, bu-
tanol, or complement results in loss of structural
integrity of almost all (92%) of the cells, whereas
unwashed cells are considerably more resistant
to these treatments (90% survive treatment).
The outer sheath may occupy the same rela-

tive position as the capsule of nonspirochetal
procaryotes, but there are distinct ultrastruc-
tural differences. In Klebsiella (199), for exam-
ple, the capsule is fibrillar, as is the capsule of
Diplococcus (Streptococcus) pneumoniae (13),
as are also the M proteins of streptococci (67);
none of these have the unit membrane construc-
tion of the spirochete outer sheath type.

Isolation and Characterization
Solubilization and reaggregation. The

outer sheaths of T. phagedenis Kazan 5, T.
scoliodentum, T. denticola, T. refringens, and
L. interrogans (biotypes pomona, canicola,
Hund, Utrecht IV, and Hebdomadis A) are all
sensitive to low concentrations of either sodium
dodecyl sulfate (SDS) or phosphate buffers (7,
110, 147, 209, 228, 238). Treatment of whole cells
with SDS results in disaggregation of the outer
sheath membrane into its subunits, whereas ex-
posure of whole cells to phosphate buffer results
in release of the outer sheath from the proto-
plasmic cylinder as "flakes" or large membrane
sheets (Fig. 8c; reference 238); the myxobacter
AL-1 protease also releases large fragments or
"flakes" of the outer sheath (97). When the
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detergent-treated outer sheath material is di-
alyzed against distilled water, some (0.4% of cell
dry weight) reaggregation results.
The extent of reaggregation appears for the

most part to be dependent upon cation concen-
tration (110), since addition of MgCl2 to the
dialysis menstruum results in an increased yield
of reaggregated membrane, approaching 23% of
the cell dry weight at Mg2e concentrations of 20
mM or greater. However, at Mg2e concentra-
tions between 5 and 80 mM, there is visible loss
of the trilaminar membrane configuration and a
change in the appearance of an amorphous glob-
ular mass (Fig. 8b). It seems possible that the
inability of the dissociated outer sheath to re-
form into the classical unit membrane could be
the result of a large cation-charge effect, which
favors a random globular protein-lipid reaggre-
gation and thus prevents membrane re-forma-
tion. Both di- (Mg, Mn, Ca, Cu) and tri- (Fe, Al)
valent cations are capable of reaggregating dis-
sociated treponeme outer sheath material, and
exposure to the chelating agent ethylenedia-
minetetraacetic acid (EDTA) results in resolu-
bilization of the outer sheath. Thus, cations
could function to bridge proteins and lipids into
globular units, and EDTA could be acting to
chelate these weak cationic bridges. In sharp
contrast to the cation requirement for sheath
reaggregation in the treponemal species, the dis-
sociated outer sheath of L. interrogans canicola
Hund Utrecht IV does not require addition of
cations to the distilled water-dialysis system for
membrane aggregation (7); thus the two may
differ chemically (e.g., lipid content), as may also
the sheaths of other spirochetes not yet studied.
Electron microscopic examination of this dis-
tilled water-reaggregated sheath reveals the
presence of small amounts of trilaminar mem-
brane (Fig. 8a), which cytologically resemble the
outer sheath membrane of intact cells. The large
mass or sheets of outer sheath membrane ma-
terial recovered after exposure of L. interrogans
pomona to phosphate buffer (Fig. 8c) is seen in
thin section to consist of typical unit membranes
(Fig. 8d). Zeigler and Van Eseltine (238) have

called attention to the five-layered membrane
seen in their electron micrographs of isolated,
thin-sectioned outer sheath. The extra layer
could, as the authors (238) state, "... be an
artifact produced by ultracentrifugation." In L.
interrogans Hund Utrecht IV, the isolated, reas-
sociated outer sheath consists of either three or
five layers (7). Exposure of nonpathogenic L.
interrogans Patoc 1 to 90% ethanol releases the
outer sheath with classical trilaminar ultrastruc-
ture, although an occasional five- and seven-
layered membrane is observed.
Chemical composition. The sensitivity of

the outer sheath to organic solvents and deter-
gents suggests that it is a chemically complex
structure, and not of the rather simple compo-
sition of a typical procaryotic capsule, as was
also suggested by ultrastructural comparisons.
However, only a few investigators have con-

cerned themselves with the chemical composi-
tion of the outer sheath (157, 228, 238), and, as
will be seen, it is not yet certain whether the
same structures, or different preparations ofsim-
ilar structures, have been examined. Zeigler and
Van Eseltine (238) exposed L. interrogans po-
mona to 0.01 M phosphate buffer, pH 7.2, and
the separated outer sheath was isolated by iso-
pycnic KBr and CsCl density gradient centrifu-
gation, as well as zonal centrifugation in sucrose
gradients. The banded material had a density of
1.25 g/cm3 in the three gradient supports.
The isolated material from both L. interro-

gans pomona and T. phagedenis contains pro-
tein, lipid, and carbohydrate (228, 238) and is
similar to outer membranes of gram-negative
bacteria (178). The quantitative distribution of
these components varies between the genera: L.
interrogans pomona contains, by weight, 46%
protein, 27% carbohydrate, and 22% lipid in the
outer sheath (238); a T. phagedenis Kazan 5
outer sheath (isolated by SDS treatment and
reaggregated by dialysis in 20 mM MgCl2) con-
sists of 60 to 73% protein, 4 to 5% lipid, and 1 to
2% carbohydrate, by weight (228). The reaggre-
gated outer sheath material contains nearly half
the amount of glucosamine and galactosamine

FIG. 6. Electron micrographs. Cristispira thin section (a) shows many axial fibrils internal to the outer
sheath. Negative stains of T. paUidum Nichols (b); a spirochete from the brush border of colonic mucosa of
healthy monkey, Macaca mulatta (c); type B spirochete (d) showing many axial fibrils. Note different number
offibrils; in (c) the insertion pores are numbered 1 through 6 and are arranged in a single row at the cellpole
(see also Fig. 4c). Shadowed cell of distilled water-treated T. zuelzerae (e); the outer sheath has been
fragmented to reveal the single axial fibril originating at the end ofeach cell pole. Note the 1-2-1 axial fibril
arrangement. B. hermsii (negative stains) with characteristic pointed ends (f, g) and numerous axial fibrils
(g, h). In (t) the fibrils insert along the protoplasmic cylinder (arrows). (a) Kellenberger-Ryter fixation, UAC-
lead stained; (b, c) Formalin fixation, KPTA; (d) unfixed cell, NH4MoO4; (e) osmium-vapor fixation, gold-
palladium shadow-cast; (f through h) glutaraldehyde fixed, NH4MoO4. (a) is from reference 174; (b) from K.
Hovind-Hougen, unpublished; (c) from reference 208; (d) from reference 20; (e) from reference 15; and (f
through h) from S. C. Holt, unpublished.
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FIG. 7. Electron micrographs of thin sections of chemically fixed cells of L. interrogans B16 (a through d)
and S. stenostrepta Zl (g through j). Leptospira fixed only in osmium has a loose-fitting outer sheath (a, c)
and an empty or electron-transparent periplasm (arrow), whereas cells fixed in glutaraldehyde + osmium
display a tight-fitting outer sheath (b, d) and an entrapped electron-dense periplasm (b, d arrows). Stereo-
electron micrographs of S. stenostrepta (g through j) reveal the protoplasmic cylinder to be tubular, with the
axial fibril lying below the outer sheath and above the layers of the cell envelope. Freeze-etch replicas of L.
interrogans B16 (e, t) reveal the axial fibril to be situated between the nontextured outer sheath and the
particle-covered outer surface of the cytoplasmic membrane. Both outer and inner fracture faces with axial
fibril images (f) are clearly seen, as is also the multilayered nature of the outer sheath (e, triangles). Thin
sections stained with UAC and lead citrate. (a, b) are from 147; and (c throughj) from S. C. Holt, unpublished.
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FIG. 8. Electron micrographs ofthin sections and negative stains ofisolated outer sheaths. (a) "Solubilized"
outer sheath from T. phagedenis after distilled water dialysis. Note reaggregated unit membranes (arrows).
Addition of5mM Mg2+ to the dialysis system results in (b) the loss of unit membranes and reaggregation of
an amorphous material. Negative-stained outer sheath of L. interrogans pomona (c) after sucrose density
zonal centrifugation showing large sheets ofmembrane. Thin section of this isolated outer sheath (d) reveals
unit membranes, along with small, electron-dense particles. In some areas (arrows) the sheath appears to
have five layers. (a, b) Osmium fixation, UAC stained; (c) KPTA, negative stain; and (d) glutaraldehyde +
osmium fixation, UAC-lead citrate stained. (a, b) are from reference 110; and (c, d) from reference 238.

found in whole-cell preparations, and thus the
purity of these preparations must be regarded as
equivocal, as must also their possible identity
with outer membranes of other gram-negative
bacteria. Until a specific marker for the outer
sheath is recognized, the precise chemical com-
position of the sheath will be uncertain. The
spirochetal peptidoglycan constituents, L-orni-
thine and muramic acid (see below), were not
detected in what should be regarded as the outer
sheath of T. phagedenis (228) or L. interrogans
pomona (238).

Essentially all lipid found in the outer sheath
of L. interrogans pomona is phospholipid, with
almost 98% of it occurring as phosphatidyletha-

nolamine (238). The major fatty acids compris-
ing the phosphatidylethanolamine are hexa- and
octadecenoic acids (56 and 34%, respectively). In
contrast, T. phagedenis Kazan 5 phospholipid
consists predominantly of phosphatidylcholine
(57%) with "lesser amounts" of phosphatidyleth-
anolamine. Monogalactosyl diglyceride accounts
for 43% of the polar lipid. Palmitic and oleic
acids are the two major fatty acids present in T.
phagedenis.
The large differences in total amounts of pro-

tein, lipid, and carbohydrate could reflect either
significant differences between leptospires and
treponemes, or differences in the degree ofpurity
of this outer sheath material. Indeed, taken to-

125VOL. 42, 1978



MICROBIOL. REV.

gether, the noted differences in chemical com-
position and disaggregation-reaggregation be-
haviors make likely future demonstrations of
physical and/or chemical differences in pure
sheath preparations from leptospires and trepo-
nemes.
There are no known functions ascribed to the

outer sheath. One might imagine that it could
function as a primary permeability barrier. If
the space, apparent in electron micrographs, be-
tween the outer sheath and the outer layers of
the protoplasmic cylinder were the equivalent of
the periplasmic space in other gram-negative
cells (37, 38, 44, 86, 87, 148), then the role pro-
posed for the outer sheath takes on added sig-
nificance. A search for hydrolytic enzymes and
their cytochemical localization will clarify their
possibly significant role in the breakdown of
polymers, especially for host-associated spiro-
chetes.

Since the outer sheath is the most external
layer of spirochetes, it may interact with host
defense mechanisms. Auran et al. (7) have found
that the sheath of L. interrogans canicola is
immunogenic. Hamsters immunized with "puri-
fied reaggregated sheath" are protected against
lethal doses of virulent L. interrogans canicola.
The site of antibody-complement activity has
been determined to be the outer sheath (6), but
since solubilized and reassociated material of
uncertain purity were used as immunogens, care
must be exercised in the interpretation of this
data.

Bharier and Rittenberg (17) found that anti-
sera against T. zuelzerae cells immobilized the
organisms, whereas antisera against axial fibrils
did not, and hence they suspected that at least
part of the immobilizing activity of the anti-cell
sera was caused by antibodies reacting with
some cell component other than axial
fibrils-possibly the outer sheath. Whether the
outer layers of the spirochete play a role in cell
motility or merely impede the passage of axial
fibril antibody into the underlying axial fibrils is
uncertain. Bharier and Rittenberg (17) also sug-
gested that immobilization of T. zuelzerae could
be due to a distortion of the cell surface or to
steric hindrance resulting from the presence of
large amounts of antibody attached to the cell
surface. Clearly, comparative localization stud-
ies of anti-cell and anti-fibril antibody would be
of immense value.

LPS
Several reports in the literature indicate the

presence of a lipopolysaccharide (LPS) layer in
spirochetes (39, 50, 54, 107, 159). Jackson and
Zey (107) employed the classical (230) hot
phenol extraction procedure to extract LPS

from T. pallidum Nichols. As judged by electron
microscopy, such extracts contain several mor-
phological entities-14-nm-diameter spherical
particles, as well as ribbon- and doughnut-
shaped structures. The ribbon configuration is
more predominant when LPS has been lyophi-
lized (107) before performance of electron micro-
scopic techniques. Such morphological features
are similar to those found in LPS isolated from
other gram-negative cells (e.g., see references
131, 189).
The precise physical location of spirochete

LPS is not known; for treponemes suggestive
evidence for its location exists (J. Pillot, Ph.D.
thesis, University of Paris, Paris, 1965). Pilot
observed that in T. pallidum Reiter the pepti-
doglycan layer was external to the plasma mem-
brane, which had been stripped of its outer
sheath. In addition, these outer sheathless cells
retained their helical shape, a characteristic usu-
ally considered to be determined by peptidogly-
can. Isolated outer sheath was, however, elastic
and thus presumed in vivo to be external to the
peptidoglycan layer. The outer sheath con-
tained, in addition to protein and lipid, polysac-
charides that were both antigenic and immuno-
logically specific for treponemes, suggesting to
Pilot an LPS component.

Isolated outer sheath of L. interrogans po-
mona, which is assumed to contain the LPS, is
known to contain hexoses, pentoses, hexosa-
mine, and 6-deoxyhexose (238). Similar chemical
constituents have been reported by Schneider
(186), Rothstein and Hiatt (172), Schricker and
Hanson (187), Kondo and Ueta (121), and Shin-
agawa and Yanagawa (190) in whole cells of
Leptospira. Two constituents, heptose and 2-
keto-3-deoxyoctonoic acid, which have been
found in many LPSs, were absent from L. inter-
rogans pomona (238). Similar lack of heptose
and/or 2-keto-3-deoxyoctonoic acid has been re-
ported for the LPS of Neisseria catarrhalis (4)
and several free-living myxobacteria (171, 227),
and thus it is quite possible that the LPS of
spirochetes have biological activity quite differ-
ent from that found in the enteric bacteria and
several Neisseria (200). This has been seen for
the L. interrogans canicola LPS, which when
tested for endotoxic activity in mice was nega-
tive, whereas LPS extracted from Escherichia
coli prepared in an identical fashion was endo-
toxic (66).

AXIAL FI1BRLL
General Morphology and Location

The axial fibril (Fig. 9a through d and j
through 1) is morphologically similar to the pro-
caryotic flagellum (Fig. 9i and 10e; references
1-3, 43) in that it consists of two basic compo-
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nents: a shaft and its covering sheath, and an
insertion apparatus that is differentiated into a
terminal knob composed of a proximal hook and
insertion disks or bulbous "annular swellings."
Since, however, there are no unequivocal dem-
onstrations of a role in motility for the axial
fibrils, it seems unwise to imply such a function
with such terms as flagellum or endoflagellum,
and thus only the term axial fibril will be re-
tained for use in this discussion.
The shaft may be either filamentous or glob-

ular in substructure and, thus, strikingly similar
to the substructure seen in the bacterial flagellar
shaft (2, 3, 43). However, unlike the bacterial
flagellum, the shaft or filament of the axial fibril
is a totally "internal" structure that lies between
the inner layer of the outer sheath and the
outermost layer of the protoplasmic cylinder
(Fig. 2f, 3, 5a, d, f, and g; 7a through j). The axial
fibril(s) winds around the protoplasmic cylinder
(Fig. 2f) and, in most spirochetes, overlaps near
the center of the cell (Fig. 2e; references 90, 95,
96, 106, 108, 113, 128, 160, 173, 233), although
the axial fibrils of the leptospiral species thus far
examined do not appear to overlap (18, 98).

Size. Like bacterial flagella, the diameter of
individual axial fibrils does not vary appreciably
in the different spirochetes and thus bears no
relationship to the cell size or the number of
fibrils per cell. The axial fibril found in Cristi-
spira has a diameter of approximately 18 nm
(174), similar to that in Leptospira (147), when
the measurement is of the axial fibril without
the coat (see later), and Treponema (15, 17;
Pilot, Ph.D. thesis, 1965). S. stenostrepta, S.
aurantia, S. litoralis, and T. zuelzerae axial
fibril diameters range between 15 and 21 rnm,
whereas those of the oral spirochetes T. macro-
dentium, T. microdentium, T. denticola, and T.
oralis vary from 15 to 19 nm (96, 128, 145); T.
phagedenis Reiteri and T. pallidum (99, 231)
are similar (16 to 22 rum). The internal location
of the axial fibrils makes accurate length meas-
urements difficult in intact cells, and length
measurements of isolated fibrils, which may be
fragmented, may be misleading.
Sheath and core. The shaft or filament por-

tion of the axial fibril usually consists of an outer
covering or sheath that encloses an internal core
(Fig. 5e and f, 9e, liD). After physical removal
of the outer covering, the core remaining has a
range of diameters of approximately 10 to 16 rim
according to the species involved (see, e.g., 18,
20, 90, 96, 99, 100, 147). The close physical rela-
tionship between these two components is
clearly seen in Fig. 9e. In both T. pallidum
Nichols and S. stenostrepta the core is composed
of longitudinal rows of globular subunits (106,
113). These globular subunits are seen clearly in

freeze-etched preparations of purified axial fi-
brils of S. stenostrepta (Fig. 10f), and are ar-
ranged in a right-handed helix (113). In S. pli-
catilis (20), the core is approximately 10 nm in
diameter and is covered by a sheath, 15 to 20
nm in diameter, which has a slight granular
substructure and thus is also in contrast to the
striated sheath covering the axial fibril (Fig. 9g)
in T. zuelzerae. This entire, striated, close-fitting
covering (Fig. 9f and g) surrounding the axial
fibril has been observed by Birch-Andersen et
al. (18), Bladen and Hampp (19), Holt and Can-
ale-Parola (90), Hovind-Hougen (95), and Nau-
man et al. (147). Jackson and Black (106) have
observed similarly striated axial fibril coverings
in T. pallidum Nichols. Whether this striated
sheath is an actual feature of the native axial
fibril or represents an experimentally induced
artifact is unclear. It is essential to recognize
that the striated layer (sheath) was only ob-
served in cells that had been in some way per-
turbed; hence, the striated sheath may represent
fragments of the outer sheath that broke away
or rolled up and around the axial fibril either
during growth or during sample preparation
(Fig. 9h). Birch-Andersen et al. (18) have ob-
served that in L. interrogans pomona the outer
envelope (sheath) consists of the triple-layered
membrane (described previously), as well as an
additional layer. Striated tubules are observed
to be distributed randomly over the electron
microscopic grid surface and often enclose frag-
mented axial fibrils. Speculation about the origin
of these striated tubules has also been discussed
by Bladen and Hampp (19) and Chang and Faine
(36), who are in agreement with Birch-Andersen
et al. (18) in suggesting that the tubules are
fragments of the outer sheath. Anderson and
Johnson (6) have also observed sheathed frag-
ments with a periodicity of 0.4 nm after treat-
ment of whole cells of L. interrogans canicola
with complement and antibody.
A sheath has not been observed surrounding

the 13-nm-diameter axial fibril in Borrelia re-
currentis or B. merionesi (94). Joseph and Can-
ale-Parola (113), in an experiment modeled after
that of Glauert and Lucy (72), were able to
prepare striated lipid assemblies that were mor-
phologically similar to the striations seen cov-
ering fibrils of broken-cell preparations (cf. Fig.
9f through h and m and n). Since these striated
lipid assemblies were prepared by mixing, on an
aqueous layer, sterols (cholesterol, lecithin, and
saponin) which are not known to be present in
spirochetes, care must be exercised in the inter-
pretation and extrapolation of this artificial
lipid-bilayer data to the striated material asso-
ciated with axial fibrils. Bharier et al. (15) did
not find a striated sheath in T. zuelzerae thin
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sections. However, these authors noted an elec-
tron-transparent space surrounding the axial fi-
brils. This space might well be, or have housed,
an axial fibril sheath; since this striated sheath
may be of high lipid content (leptospiral striated
"tubules" float on 20 to 60% sucrose gradients),
it is quite possible that much of the sheath is
extractable by lipid solvents used in preparative
procedures for electron microscopy. It is also
possible that a lipid-rich sheath would not stain
readily and therefore not be visible in thin sec-
tions viewed in an electron microscope. The use
of the water-soluble resins that do not require
organic solvents should make important contri-
butions to a resolution of these uncertainties.
Insertion apparatus. This structure is dif-

ferentiated into a terminal knob, composed of a
proximal hook, and insertion disks or bulbous
"annular swellings."
Proximal hook. Proximal to the filament or

shaft portion of the axial fibril is a hook (Fig. 9a
through d) with a honeycombed surface. The
hook is usually slightly larger than the shaft (14
to 17 versus ca. 13 am), varies in length between
40 and 70 am, and bends sharply toward, and
into, the protoplasmic cylinder (18,88,90,93-99,
101, 106, 108, 113, 128, 147).

Insertion disks. This proximal hook is contin-
uous with the insertion disk(s) by means of a
narrow 9-am-wide and 16-am-long neck. The
number of insertion disks varies with the genus:
Leptospira usually have three to five closely
apposed 20- to 26-am-diameter disks, whereas
Spirochaeta have three disks, each approxi-
mately 40 nm in diameter. Similar insertion
disks have been observed by Listgarten and
Socransky (128) in several of the oral spiro-
chetes. In some T. pallidum Nichols strains,
only one flat disk of approximately a 30- to 35-
nm diameter has been observed (93), although
Jackson and Black (106) have observed a 60-am-
diameter insertion disk in their cultures. The

disks in the cultivable treponemes number either
one or two and average approximately 30-nm in
diameter (95-97). In B. merionesi and B. recur-
rentis, there appear to be at least two insertion
disks with diameters of 3P to 35 nm (94). Some
insertion disks consist of electron-dense, round
plates, approximately 30 nm in diameter, sur-
rounded by less electron-dense rings, 10 to 15
am in diameter. The rings are said to possess
some substructure that, however, is not readily
apparent in the published micrographs (94).
The disks are inserted into a subterminal hole

or depression in the protoplasmic cylinder near
the ends of the cell (Fig. 2c, e, and f, 4a and c, 5a
and d through g). In those spirochetes that con-
tain multiple axial fibrils (Fig. 6b through d and
f), the insertion point of the outermost fibril
varies between 0.08 and 0.15 ,um from the cell
pole (98).

Characterization of Purified Axial Fibrils
Isolation and purification. Axial fibrils free

of any apparent contamination, as revealed by
electron microscopy, have been prepared from
Leptospira B16 (147), S. stenostrepta, S. zuel-
zerae, and S. litoralis (113), T. zuelzerae (16),
and T. phagedenis Reiteri (14, 79).
The techniques used for axial fibril isolation

and purification involve prior removal of the
cell's outer sheath with either n-butanol or phos-
phate buffer and subsequent cell lysis and fibril
release by either (i) detergent action, (ii) freeze-
thawing, (iii) blending in an omnimixer, or (iv)
breakage of fibrils into fragments by ultrasound.
The axial fibrils are purified either by banding
in KBr, CsCl, and/or RbCl density gradients or
by elution from diethylaminoethyl-cellulose col-
umns.
Morphology. The isolated fibrils vary in

length, a result of the isolation procedure, and
have a mean diameter of 18 am (Fig. lOa, b, and
d).

FIG. 9. Electron micrographs of negatively stained, isolated axial fibrils, striated tubules, and bacterial
flagella. Axial fibrils from L. interrogans B16 (a, b, d, e, and l) and S. stenostrepta Zl (c) showing axial
filament sheaths attached to honeycombed proximal hooks. Insertion disks (a through c, j through 1) are
attached to the hook through a narrow axial fibril neck. A disk-free honeycombed proximal hook with
enveloping axial fibril sheath that covers the axial fibril core is seen in (d). Note that the sheath terminates
at the proximal end of the hook (arrow). An axial fibril membrane fragment is attached to the distal end of
the axial fibril in (1). Axial fibrils of T. pallidum Nichols (j, k) are mushroom-shaped and contain small
electron-opaque particles either attached to or in close apposition to the rim of the insertion disks. The
flagellum from Rhodospirillum rubrum (i) consists of two paired disks connected to the flagellar hook by a
narrow neck; a piece of cytoplasmic membrane is possibly attached to one of the disks. In (f, g), striated
tubules surrounding axial fibril fragments from S. stenostrepta and T. zuelzerae are seen; the tubules appear
as a series ofringed elements enclosed by the sheath. As seen in (h), the striated tubule may originate from the
surface of theprotoplasmic cylinder. "Striated tubules" formed in vitro by sterol flotation on an aqueous layer
are seen in (m, n) and resemble the striated tubules from S. stenostrepta and T. zuelzerae. (a, b, d, and e) are
from reference 147; (c, t) from reference 90; (g, m, n) from reference 113; (h, 1) from S. C. Holt, unpublished; (i)
from reference 43; and OF, k) from reference 106.
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FIG. 10. Electron micrographs ofpurified axial fibrils from L. interrogans B16 (a, b) and S. stenostrepta
(d, t) and flagella from E. coli (e). The double-track construction of the axial fibrils is apparent in the thin
section (a, small arrows). The outer surface of the leptospiral axial fibril is smooth after carbon-platinum
shadow-casting (b), and the axial fibril sheath, core, andproximal hooks (arrows) are apparent. Freeze etch
of S. stenostrepta axial fibrils (t) reveals a right-handed helical substructure (f, arrows) that is also seen
clearly in UAC-stained material (d) where the subunits of the fibrils appear globular; characteristic
honeycombedproximal hook is seen. The E. coli flagella (e) are smooth surfaced and hooked (arrow). Purified
proximal hooks from S. stenostrepta axial fibrils treated with 0.1 N NaOH and stained with UAC (c). (a)
Glutaraldehyde + osmium fixation, UAC-lead citrate stained. (c, d, t) are from reference 113; (e) from reference
5,5; (a, b) from R. K. Nauman, S. C. Holt, and C. D. Cox, unpublished.
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FIG. 11. Diagramatic representations of the polar regions of (A) Aquaspirillum serpens, (B, C) a spirillum,
and (D) theproximalportion ofspirochete axial fibril. In (A), the flagella (tJ pass through the cell wall (a) and
cytoplasmic membrane (b) and associate in the polar membrane (c), which is associated with the cytoplasmic
membrane through "linkers" (1). In (B, C), the relationship between the basal portion of spirilla flagella and
the polar or flagellar membrane (c) is seen. Note in (C) that flagella are anchored via disks to the membrane
and that the disks are interconnected through a narrow neck that connects to the major portion of the
flagellum. The spirochete (D) axial fibril core is covered by a sheath in Leptospira (not apparent in all
spirochetes). The axial fibril core narrows as it enters the proximal hook region of the fibril. The elliptical
insertion disks anchor the hook to the layer of the protoplasmic cylinder. The proximal insertion disks are
separated from the inner disks by a neck. (A) is from reference 146; and (B, C) from reference 43.
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In Leptospira B16 (147), the purified axial
fibril observed by negative staining is multilay-
ered and consists of an inner core approximately
13 to 16 nm in diameter, surrounded by an outer
7- to 8-nm coat (Fig. 9b, d, and e, 10b). This coat
is not apparent in thin sections (Fig. 10a), per-
haps because it has been removed in preparative
procedures. The S. stenostrepta, S. aurantia, S.
litoralis, and T. zuelzerae purified axial fibril
consists of a 17- to 23-nm-diameter strand cov-
ered by a 21- to 23-nm-diameter sheath (i.e., Fig.
5e, and 9c); T. phagedenis Reiteri axial fibrils do
not appear to be enclosed in such a sheath.
Physical and chemical characteristics.

The buoyant density of axial fibrils from Lep-
tospira B16, S. stenostrepta, S. litoralis, and T.
zuelzerae varies between 1.27 and 1.30 g/cm3
(16, 113, 147). Such densities are similar to those
obtained for pure proteins (1.30 g/cm3), and
chemical analysis reveals that the fibrils are
composed almost entirely of protein, with only
trace amounts of hexose- and pentose-positive
material present. A small amount of hexose
(<1% measured as anthrone-positive material)
was consistently found associated with the fi-
brils. In addition, small amounts (0.05 ,umol/mg
of protein) of phosphorus were found in the S.
stenostrepta axial fibril. The significance, if any,
of their presence is yet unclear.
Amino acid analysis reveals that, in general,

the axial fibrils are chemically very similar to
bacterial flagella (35, 104, 138). They are rich in
aspartic and glutamic acids, alanine, leucine, and
glycine and lack tyrosine, tryptophan, and cys-
teine; perhaps the most striking similarity is the
absence of cysteine and tryptophan. In S. sten-
ostrepta (113) and T. zuelzerae (16), the absence
of these two amino acids has been verified by
using analytical procedures that would not de-
stroy them. Cysteine as half-cystine is present in
very small amounts in T. phagedenis Reiteri,
and tryptophan is either absent or present at
very low levels. The absence of cysteine suggests
that the macromolecular structure is not stabi-
lized by disulfide bridges.
Electrophoretic characterization. The

purified axial fibrils are dissociable into their
protein subunits at both acid and alkaline pH
and by addition of urea. Polyacrylamide gel elec-
trophoresis of these protein subunits reveals the
presence oftwo protein bands in S. stenostrepta,
T. zuelzerae, and T. phagedenis Reiteri (16, 79,
113).
The two protein bands from T. zuelzerae axial

fibrils vary in intensity with the fibril prepara-
tion used. The intensity of staining ofthe slower-
migrating band is EDTA dependent; at EDTA
concentrations of 10' M, the slower-migrating
band is not clear. Bharier and Rittenberg (16)

attribute this to aggregating of the slower-mi-
grating protein and suggest that the slow-mi-
grating band possibly represents different aggre-
gation states of the faster-moving band. Bharier
and Allis (14) have observed at least three pro-
tein-staining bands in SDS-gels of T.phagedenis
Reiteri axial fibrils. When glycine-acetate buffer
or a pH of 12 is used, only one major protein
band is observed. In contrast, SDS-acrylamide
gel electrophoresis ofLeptospira B16 axial fibrils
resolves six protein bands (147). It should be
noted that Nauman et al. (147) used 0.05 M
glycine HCl (pH 2.4) as the acid buffer and 0.01
M NaOH + 0.05 M KCl (pH 12) as the alkaline
buffer in their SDS-acrylamide gel electropho-
retic analyses. Further, the fact that the lepto-
spiral axial fibril and coat is larger than that
found in S. stenostrepta and T. zuelzerae (20 to
25 versus 15 to 18 nm, respectively) may be
responsible for this threefold increase in the
number of proteins. The small number ofprotein
bands observed in dissociated axial fibrils of T.
zuelzerae, S. stenostrepta, and T. phagedenis
Reiteri is again similar to findings with bacterial
flagella, for both alkali- and acid-dissociated fla-
gella of Spirillum serpens and Bacillus subtilis,
when examined by acrylamide gel electropho-
resis, form one protein band (138).
The only molecular weights available for dis-

sociated axial fibril subunits are from T. zuel-
zerae and T. phagedenis Reiteri, which are ap-
proximately 32,000 to 36,000 (14, 16); such values
are similar to those for flagellin subunits from
Proteus vulgaris (35).
Physical and chemical effects on axial

fibrils. A large number of tests have been done
on the effects of a wide variety of chemical
agents (acids, alkalis, hydrogen bond-breaking
compounds, etc.) on the integrity of purified
axial fibrils (16, 113, 147). The fibrils are most
susceptible to hydrogen bond-breaking com-
pounds and protein denaturants, whereas the
nucleases and proteases appear to have little, if
any, effect. Susceptibility to these reagents,
along with the absence of cysteine residues,
strongly reinforces the absence of covalent (di-
sulfide), stabilized tertiary structure in the fibril.
Heating of purified axial fibrils from both Lep-
tospira B16 and T. zuelzerae at 600C also results
in their partial dissociation, and this activity
may be consistent with the interpretation. The
thermal stability of bacterial flagella of meso-
philes was much less than that of the flagella of
axial fibrils, the former being completely disso-
ciated at 600C (139). S. stenostrepta purified
axial fibrils, on the other hand, are not affected
by heating at 600C (113); this presumably indi-
cates a nonuniformity of axial fibril structure
among the spirochetes.
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The proximal hooks of bacterial flagella (2),
S. stenostrepta, S. litoralis, and Leptospira B16
are resistant to the chemical dissociation that
affects the axial fibril shaft (Fig. lOc). The basis
for this difference in chemical sensitivity be-
tween the shaft and hook is unexplored but
could well reflect differences in either chemical
composition or macromolecular structure (ter-
tiary folding) of the proximal hook. Although
the function of the proximal hook is unknown,
it could be an intermediary in energy transfer,
as envisaged for bacterial flagella (2), or it could
serve as an anchor. It is, clearly, an appendage
onto which the other components of the axial
fibril are linked.
Function. The probable function of the axial

fibril and its associated structures (Fig. llD) is
still unclear.
The association of the disks with the cyto-

plasmic membrane could have functional signif-
icance for the axial fibril just as in the case of
the procaryotic flagellum. The disks may insert
into the membrane as a ball-joint socket and
thus be able to rotate freely, permitting the shaft
per se to rotate as well, and thus function in cell
movement. Energy required for movement could
be generated in the cytoplasmic membrane por-
tion of the protoplasmic cylinder and could then
be transmitted to the shaft through the insertion
disks. The disks could, in addition to rotating,
vibrate, and the force generated could be trans-
mitted to the axial fibril filament. Berg's (13a)
recent model of "how spirochetes may swim"
also envisions rotation of the axial fibrils, which
in turn results in rotation of the semirigid pro-
toplasmic cylinder within the external, flexible
sheath. None of these considerations establish
the fact of fibril rotation.
A close anatomical association between the

flagellum and the cytoplasmic membrane has
been observed in both gram-positive and other
gram-negative bacteria. In several models for
the insertion and anchoring of the bacterial fla-
gellum (Fig. llA through C; references 43, 146),
the flagellum passes through the cell wall-cell
membrane (cell envelope) near a polar mem-
brane. Perhaps axial fibrils, too, are anchored
directly to the membrane layers of the proto-
plasmic cylinder. In general, the insertion ap-
paratus in Spirochaeta, Treponema, and Bor-
relia is morphologically very similar to that
observed in gram-positive cells (55), whereas
Leptospira have an insertion apparatus more
like that of gram-negative cells (43).
How energy, presumably generated in the cell

membrane, is in some way transmitted to the
axial fibril is as yet unclear.
The significance of the lamellar bodies seen

within the confines of the protoplasmic cylinder

(Fig. 5d and g and see 16b) and close to the
proximal insertion disks is unknown, but they
may play a role in energy production. Similar
structures have been observed by others in sev-
eral spirochetes (115, 147, 164, 167).
As already mentioned, the observations of

Bharier and Rittenberg (17) cast doubt upon
association of motility solely with the axial fi-
bril(s), and speculation about mechanism(s) of
energy transfer to the locomotion apparatus may
have to be more complex than envisioned cur-
rently. Perhaps a careful study of the effects of
chemicals that uncouple energy production will
clarify the phenomenon.

PROTOPLASMIC CYLINDER
Basic Morphology

Directly beneath the outer sheath is the pro-
toplasmic cylinder, which consists of the cell
wall, cytoplasmic membrane, and enclosed cy-
toplasmic contents (Fig. 2a, e, and f, 3, 4a and b,
5 through 7, 12a and g, and see 17a, c and d). In
the now classical electron microscopic study of
the structures of Treponema, Borrelia, and Lep-
tospira, Pillot and Ryter (160) referred to the
cell wall-cell membrane complex as the "parieto-
cytoplasmic membrane," since it was morpho-
logically similar to the cell wall-cell membrane
characteristic of gram-negative bacteria. This
complex consists of two electron-dense layers
separated by an electron-transparent layer, ap-
proximately 9 to 12 nm in thickness (Fig. 12g).
In some spirochetes, for example S. stenostrepta
and S. litoralis, the outer electron-dense layer
appears asymmetric, being almost twice as thick
as the inner layer (114). The basis for this asym-
metry is revealed by high-resolution electron
microscopy of glutaraldehyde + osmium-fixed
cells where the outer dense layer is seen as at
least two layers, each approximately 3-nm thick
(Fig. 12a and b). In contrast to glutaraldehyde
+ osmium fixation, fixation of S. stenostrepta in
osmium does not resolve these two outer proto-
plasmic-cylinder layers; rather the outer layer
appears homogeneous. A similar asymmetry has
been observed in T. genitalis (97).

Presence and Location of the
Peptidoglycan Layer

The presence of a mucopeptide layer in sev-
eral spirochetes was reported by several inves-
tigators after chemical analyses to determine the
presence of eubacterial peptidoglycan compo-
nents (70, 160, 212, 234). These investigators
determined the presence of muramic acid and
glucosamine in B. duttoni, L. interrogans bi-
flexa, L. interrogans icterohaemorrhagiae, and
in T. phagedenis Reiteri.
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FIG. 12. Electron micrographs (a through t) and interpretative drawing (g) of S. stenostrepta and S.
litoralis revealing the location of the peptidoglycan layer. In glutaraldehyde + osmium-fixed cells (a, b), the
peptidoglycan is below the outer sheath and outer membrane of the cell wall-cell membrane complex
(protoplasmic-cylinder layers). In S. stenostrepta (c) penicillin G-treated cells, the protoplasmic cylinder is
disrupted but remains within the outer sheath. Treatment ofS. stenostrepta with lysozyme results in a swollen
protoplasmic cylinder (d) that remains within an intact outer sheath; the peptidoglycan layer is not visible.
An outer sheath from a nearby spirochete is present. In peptidoglycan fragments isolated byplatinum-carbon
shadow from S. stenostrepta (e), the helical shape has been maintained; in a constricted region of the
peptidoglycan, presumably from a cell division area (f, arrow), an axial fibril pore adjacent to the division
plane is seen. Thin fibrils (arrow) similar to cytoplasmic fibrils are seen (c). Diagrammatic representation (g)
ofa transverse section of S. stenostrepta depicts the various cell layers. The outermost layer, the outer sheath
(A), envelopes the cell. Situated in the electron-opaque periplasmic region (B) are the axial fibrils (H). The
layers oftheprotoplasmic cylinder consist ofthe outermost helical lipoprotein layer (C), a peptidoglycan layer
(D), and internal to the peptidoglycan, the innermost layer of the cell, the cytoplasmic membrane (E). The
cytoplasmic region contains ribosomes (F) and a centrally disposed nuclear region (G). (a, b, d) Glutaraldehyde
+ osmium fixed, UAC-lead citrate stained; (c) KPTA, negative stain-taken from reference 114.
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The precise location of the peptidoglycan
layer and its chemical composition have been
demonstrated only in S. stenostrepta by Joseph
et al. (114). When exponentially growing cells of
S. stenostrepta were treated with penicillin G,
the protoplasmic cylinder became distorted and
disrupted but remained within the apparently
intact, but swollen, outer sheath (Fig. 12c), in-
dicating that the peptidoglycan is associated
with the protoplasmic cylinder and not the outer
sheath. Even though treatment of cell suspen-
sions with sodium deoxycholate results in re-
moval of the outer sheath and portions of the
cytoplasmic membrane, the cells retain their
helical shape. Final proof for the peptidoglycan
location came from lysozyme treatment of cell
suspensions not previously exposed to sodium
deoxycholate. In the presence of lysozyme, cells
became distorted, even though the outer sheath
remained intact. Chemical fixation of such
treated celLs in glutaraldehyde + osmium re-
vealed the absence of the outermost electron-
dense layer of the cell wall-cell membrane com-
plex (cf. Fig. 12a and b with d). Thus, the out-
ermost layer ofthe cell wall-cell membrane com-
plex is peptidoglycan, and the inner triple-lay-
ered membrane is morphologically identical to,
and the analog of, the procaryotic cytoplasmic
membrane (Fig. 12g). Joseph and co-workers
(114) successfully isolated this peptidoglycan
layer (see below) from S. stenostrepta and
showed that even in its isolated state it main-
tained a helical shape (Fig. 12e), thus unequiv-
ocally confirming its shape-confening role in
this spirochete.

Characteristics of Peptidoglyean
Isolated peptidoglycan accounts for 1% of the

cell dry weight and is similar in chemical com-
position to that found in other gram-negative
organisms (120, 135-137, 178, 223), with the ex-
ception that L-ormithime is the only diamino-
amino acid, in contrast to the presence of either
diaminopimelic acid or lysine found in eubac-
teria and, now, in some spirochetes. The isolated
peptidoglycan from S. stenostrepta and S. litor-
alis contains as major constituents muramic
acid, glucosamine, alanine, L-ornithine, and glu-
tamic acid. Tinelli and Pilot (212) also found
L-ornithime in the peptidoglycan of T. phage-
denis Reiteri, along with equimolar amounts of
muramic acid and glucosamine.
The molar ratios of L-ornithine, glutamic acid,

glucosamine, and muramic acid relative to ala-
nine in the purified peptidoglycan from S. sten-
ostrepta are 1:1:1:1:1.4. This suggests that the
peptide is composed of equimolar amounts of
alanine, glutamic acid, and L-omithime. The
presence of larger amounts of alanine is thought

to represent terminal alanine residues, which
could be available for cross-linking the L-oMi-
thine of adjacent peptide subunits (Fig. 13; ref-
erences 114, 185). In a recent report, Azuma et
al. (8) extracted cell wall fractions from L. inter-
rogans biflexa Urawa and T. paUidum Reiter.
In their extraction procedure they utilized
NH4OH to separate a polysaccharide fraction
and a cell residue fraction; the latter fraction
was broken at 28,000 to 45,000 lb/in2. The re-
sulting "cell wall" material was treated with an
array of proteolytic enzymes and lipid solvents.
Chemical analysis of this material revealed it to
be rich in polysaccharide (90% of the fraction)
with only 2 to 5% peptidoglycan. The cell walls
of both organisms contained alanine, glutamic
acid, glucosamine, and muramic acid. Of interest
is that the L. interrogans biflexa Urawa pepti-
doglycan contained a,E-diaminopimelic acid,
whereas that recovered from T. pallidum Reiter
contained L-ornithine as the only diamino-amino
acid.

Fibrils
Several spirochetes, labeled L. interrogans

pomona (L. biflexa) (235), T. pallidum Nichols
(105, 119, 152, 153, 231), T. pallidum Reiter (99;
R. H. Jones, F. Yoshii, and 0. J. Carver, Proc.
28th Annu. Meet. Elec. Microsc. Soc. Am. 1970,
p. 110-111), B. recurrentis (142), and S. stenos-
trepta (113), contain bundles of fine fibrils that
seem in some way associated with the proto-
plasmic cylinder. Morphologically, the fibrils are
of three types; one, referred to as perimural
fibrils by Yanagawa and Faine (234), is seen
associated with the outer layers of the proto-
plasmic cylinder (Fig. 14a and b), whereas the
second class of fibrils (Fig. 14c and d) is associ-
ated with the cytoplasmic membrane (60, 93,
99-101, 105, 155, 201, 231). These two classes of
fibrils have been referred to by a host of terms,
including microtubulifilamente, deep filaments,
body fibrils, fibrils, microtubules, and tubules.
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FIG. 13. Chemical structure of the peptidoglycan
from S. stenostrepta-taken from reference 185.
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FIG. 14. Electron micrographs showing protoplasmic cylinder-associated fibrils. An autolyzed cell of T.
pallidum Nichols (a, KPTA, negative stain) reveals parallel arrays of cytoplasmic fibrils extending outward
from the surface of the protoplasmic cylinder; fragments of outer sheath are evident. In L. interrogans biflexa
(b, chromium shadowed), perimural fibrils are seen released from the protoplasmic cylinder after hyaluroni-
dase treatment. In T. pallidum Nichols (d, freeze etch), cytoplasmic fibrils appear to be situated between the
outer sheath and the outer layer of the cytoplasmic membrane. Disrupted S. stenostrepta (c, KPTA) with
cytoplasmic fibrils, similar in dimension to cytoplasmic tubules (see Fig. 5b). (a, d) are from reference 106; (c)
from reference 113; and (b) from reference 235.

The third class of fibrils, helical, has to date
been observed only on the surface of S. stenos-
trepta as longitudinally arranged helices (Fig.
15a and b; reference 90).

Chemical characteristics of purified fibrils are
known only for the helical ones.
Perimural fibrils. These surface fibrils (Fig.

14a and b) in L. icterohaemorrhagiae (234) and
L. biflexa (235, 236) are observed only when
cells are exposed to dilute alkali (0.5 N NaOH)
or hyaluronidase (0.5 mg/ml). In L. biflexa, the
fibrils that are released by hyaluronidase treat-
ment are 3 to 5 nm in diameter and may repre-

sent microfibers of the 6- to 8-nm perimural
fibers.
Cytoplasmic fibrils. The cytoplasmic fibrils

extend along the inner layer of the cytoplasmic
membrane and are 6 to 9 nm in diameter. In
transverse sections, the fibrils varied from
comma-shaped (201), elongate (155), and trian-
gular (59) to oblong (28). When negatively
stained, the stain appears to penetrate the lumen
of the fibril, thus indicating a tubular nature.

Freeze-etch replicas of fibrils from T. palli-
dum Nichols (Fig. 14d) show parallel arrays
coursing along the inner surface (fractured sur-

FIG. 15. Electron micrographs of ballistically disrupted cells of S. stenostrepta Zl. Where the outer sheath
has been partially removed (a, b), the underlying helical lipoprotein layer is seen. More extensive disruption
revealed individual globular units (b, open arrows), which form the helical layer; in some areas, the helices
consist offour-sided interconnected structures. Purified helices (c, d) maintain their original in vivo structure,
as well as their globular subunit structure (d, G). When viewed tangentially, the helices appear doughnut- to
cogwheel-shaped (d, arrows). KPTA, negative stains. (a, b) are from reference 90; and (c, d) from Joseph,
Ph.D. thesis, 1971.
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face) of the plasma membrane. It is not clear
from Fig. 14d how the fibrils could be in contact
with the cytoplasm of the cell, as has been
suggested earlier (59, 105).

Eipert and Black (59) have made an extensive
examination of the ultrastructure of cytoplasmic
fibrils found in T. refringens, and they locate
the fibrils "on the inner sides of the helical
treponemes and next to the nuclear area." The
fibrils are composed of a complex network of
strands, in contrast to the tubular fibrils ob-
served in T. pallidum Nichols. The cytoplasmic
fibrils are sensitive to the action of proteolytic
enzymes, urea, HCl, dilute base (0.005 N NaOH),
and SDS. In T. refringens fixed by the Kellen-
berger-Ryter procedure (118), the nucleoid has
been found adjacent to the cytoplasmic fibrils.
Whether there is some association between
these fibrils and the nucleoid, or whether they
take part in nuclear or cell division is unknown.
Eipert and Black (60) suggest that the cytoplas-
mic fibrils may be involved in maintaining the
spiral shape of T. refringens; however, since the
fibrils do not appear to be fixed at the cell poles
(terminal insertions have not been observed), it
may be premature to assign them such a func-
tion.
These 7-nm-diameter cytoplasmic fibrils have

been observed in a majority of the members of
the genus Treponema, including T. phagedenis,
T. vincentii, T. refringens, T. calligyrum, T.
minutum, T. microdentium, T. cuniculi, T. pal-
lidum Nichols, T. pertenue, T. phagedenis Rei-
teri (Fig. 5b and 12c; see reference 98 for a
discussion of this subject), and in an organism
termed "illini" (78, 98). The cytoplasmic fibrils
usually occur in clusters of six to eight, and their
number in the treponemes varies with the spe-
cies: T. zuelzerae contains one cluster, whereas
T. phagedenis, T. vincentii, T. refringens, and
T. phagedenis Reiteri contain eight clusters.
The clusters occur at the cell poles, in close
association with the insertion apparatus of the
axial fibril. Hovind-Hougen (98) has some pre-
liminary chemical evidence (see Table 2 of ref-
erence 98) which indicates that these cytoplas-
mic fibrils are chemically different from the axial
fibril. T. genitalis did not possess these cyto-
plasmic fibrils even after deoxycholate or AL-1
enzyme treatment, and Hovind-Hougen (98)
considers that this may be of taxonomic signifi-
cance, especially since these structures also
could not be found in Borrelia or authentic
Leptospira species. Whether they are present in
Spirochaeta remains to be determined.

It is important to note, as has been done for
the striated tubules associated with the axial
fibrils and for perimural fibrils, that thus far
these cytoplasmic fibrils were seen only when

cells were chemically treated either with deox-
ycholate or with the myxobacter AL-1 or AL-2
proteases, or on occasion when cells were phys-
ically damaged during preparation for electron
microscopy. The possibility that these fibrils
represent artifacts and not in vivo anatomical
structure must thus be entertained. However,
the fact that T. genitalis, Borrelia, and Lepto-
spira appear to lack these fibrils may indicate
that they are significant in vivo structures, since,
if they represent artifacts produced in response
to chemical or physical treatment, they should
be present in all strains unless profound com-
positional differences exist between the strains.

Helical fibrils. The only detailed chemical
analyses of fibrils are of those found on the
surface of the protoplasmic cylinder of S. sten-
ostrepta, where they appear as a layer of longi-
tudinally arranged helices (Fig. 15a and b). Pur-
ified (Fig. 15c) helices are approximately 0.25
nm in diameter, with an amplitude of 0.5 nm. In
transverse or tangential aspect, the helices ap-
pear doughnut- or cogwheel-shaped (Fig. 15d).
The helices (Joseph, Ph.D. thesis, 1971) are

composed of lipoprotein and have a buoyant
density in sucrose of 1.16 g/cm3, which is char-
acteristic of isolated lipoprotein (62). The lipid
content of the helices is approximately 10% of
their dry weight, whereas the remainder is pro-
tein and a small (<2%) amount of carbohydrate.
Aspartic and glutamic acids, as well as alanine,
glycine, and leucine, are the predominant amino
acids. Fatty acid analysis reveals the presence of
three fatty acids-12-methyltetradecanoic acid,
13-methyltetradecanoic acid, and hexadecanoic
acid-which account for 68% of the total fatty
acids of the helices; 72% of the fatty acids consist
of branched-chain acids.
The effect of enzymes, chemicals, and temper-

ature on helix integrity has also been deter-
mined. Lysozyme, EDTA, ribonuclease, hydrox-
ylamine, HCl, NaCl, benzene, diethyl ether, and
petroleum ether have no visible effect on helical
structure. The helices are stable over a temper-
ature range of -20 to 370C. Surface denaturants,
cationic bond breakers, and protein denaturants
have a marked effect on helix integrity. What
significance, if any, these unusual structures
have for the single species in which they have
thus far been found remains to be determined.

Finally, in S. litoralis, rod-shaped structures
(reference 113; Fig. 5c) similar in morphology to
rhapidosomes (127, 163) found in some gram-
negative cells have been observed. These rods
are of a tubular construction, 25 nm in diameter
and 100 to 800 nm in length. The tubules are
released from the protoplasmic cylinder by de-
oxycholate treatment, and, when sedimented in
KBr isopycnic density gradients, have a density
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comparable to that of axial fibrils (1.29 g/cm3).
The function and occurrence of these entities in
any other spirochetes are unknown.

"Intracellular tubular structures" of quite dif-
ferent dimensions (approximately 16 nm) and of
uncertain location have been reported for
"aged," treated leptospiral cells (165).

CYTOPLASMIC MEMBRANE
As already indicated, the innermost double-

track membrane of the ceil wall-cell membrane
complex (Fig. 7a and c, 12a, b, and g) is morpho-
logically similar to the plasma or cytoplasmic
membrane found in both gram-positive and
gram-negative cells (179), although the spiroche-
tal inner membrane has not yet been isolated
and thus not characterized chemically or physi-
cally. The membrane is of unit dimension, ap-
proximately 6 to 8 nm in thickness. Of interest
is the observation that this cytoplasmic mem-
brane in L. interrogans pomona and T. genitalis
is asymmetric-the outer leaflet is thicker and
more electron dense than the inner leaflet (18,
97).

CELL DIVISION
With the exception of several early reports

indicating that leptospires may divide in a lon-
gitudinal plane (46, 47), all observations indicate
transverse binary fission in the spirochetes so
far examined (see, e.g., 95, 102, 147, 167, 173).

Selected electron micrographs (Fig. 16) sup-
port a model for the sequence of events that may
occur in spirochete cell division that is similar to
those proposed earlier by Listgarten and Socran-
sky (128; see Fig. 18).
Very early in the division process, well before

any cytological signs of cell constriction or mem-
brane modification, new axial fibrils are formed
at the approximate center of the mother cell and
at a region slightly subterminal to the subse-
quent division plane (Fig. 16a and b). The newly
synthesized axial fibrils appear to be completely
formed before the constriction process itself
starts. Thus, in cells normally possessing two
axial fibrils, four axial fibrils -two at the cell
poles and two on either side of the division
plane-are apparent at this stage in cell division.
The axial fibrils of the mother cell pass across
the division plane, which has indicated to Hov-
ind-Hougen (94) that the new axial fibrils may
be formed de novo.

Prior to the visible constriction of the proto-
plasmic cylinder, a thin, dense line appears that
delineates the subsequent division plane (Fig.
16a and c). Protoplasmic-cylinder constriction
and cell separation occur along this plane, ap-
proximately midway between the new axial fi-
brils (Fig. 16d through f), and is almost com-

pleted when outer sheath constriction begins
(Fig. 16f). In B. merionesi and B. recurrentis,
the presence of tapered cell poles may be a
necessary correlate of the division process (94).

HOST-ASSOCIATED SPIROCHETES
The morphology ofeucaryotic and procaryotic

organisms associated with numerous, different
hosts has been examined for many years by light
microscopy. It remained for the development of
the electron microscope (both transmission and
scanning) and associated ultrastructural tech-
niques (e.g., thin sectioning, negative staining,
cryomicrotomy, critical-point drying, and freeze-
fracture etching) to demonstrate in a definitive
way the physical relationship(s) that exists be-
tween these organisms and their hosts (e.g., 51,
182, 184, 207, 208, 218, 220). Host-associated
organisms may be pathogenic or not, and the
spirochetes provide no exception to this gener-
alization. Breznak (28) has reviewed in great
detail the biology of nonpathogenic, host-asso-
ciated spirochetes, and the reader is referred to
this review for a subject survey.

Host-associated spirochetes, as for host-asso-
ciated microorganisms in general, have been
shown to exist in a wide variety of host niches.
These associations include: (i) both the survival
and multiplication of Cristispira in the digestive
tract, (ii) the crystalline style of a wide variety
of mollusks (see reference 28), (iii) the recently
observed "spontaneous" spirochetal infection of
brine shrimp, Artemia salina (218-222), (iv) the
spirochetes found in intestinal tracts of insects
(Table 2 of reference 28) and ruminant (33, 103)
and nonruminant vertebrates (51, 124, 141, 176,
180, 182-184, 208), and (v) the associations that
exist in termite hindguts (28, 29, 42, 75). Advan-
tages accrue to both the host and the resident
spirochete in several of these latter associations
(28, 29).
With the possible exception of the spirochete-

A. salina association, all of the above appear to
be nonpathogenic for the host. In A. salina, it is
not clear that the association should be regarded
as a true infection, with resultant pathogenesis,
for it may represent some mutualistic relation-
ship between shrimp and spirochetes.
There are, of course, well-known spirochete-

host interactions that have adverse effects on
the host. These include, for example, the pro-
duction of syphilis and related diseases such as
yaws and pinta by T. pallidum and T. pertenue
in humans, and T. carateum, which produces
venereal spirochetosis in rabbits. Infectious lep-
tospiral jaundice (Weil's disease) caused by L.
icterohaemorrhagiae and relapsing fever in hu-
mans are the result of infection with B. recur-
rentis, this latter infection occurring through an
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FIG. 16. Electron micrographs of spirochetes selected to show possible sequence of cell division in spiro-
chetes. Prior to any visible evidence of constriction, new axial fibrils are present (a and b, small arrows), and
a lightly darkened (electron-opaque putative division plane) is seen (a, large arrows). A mesosome is present
at such a division plane (b). Constricted protoplasmic cylinders (c through f). The outer sheath constriction
appears to have taken place only during the final stages of division (c); cell separation probably occurs by the
pinching-off of a thin thread ofprotoplasmic membrane. Protoplasmic cylinder constriction is complete prior
to outer sheath constriction (d through t). KPTA, negative stains. (b) is from reference 147; and (a, c through
t) from S. C. Holt, unpublished.

intermediate host or vector.
In addition to these more severe disease states

resulting from spirochete-host associations,
there are those of the buccal cavity, including
Treponema and Borrelia (80, 130, 149, 170,
196-198), which are on the whole still not well
understood. Whether a specific organism acts
alone, interacts with other spirochetes, or inter-
acts with other procaryotes to produce diseases
such as Vincent's infection (trench mouth) or
various forms of gingivitis is not yet uncertain.

A small group of helically shaped microorga-
nisms, Spiroplasma, found in the hemolymph of
Drosophila species (151, 161, 177), associated
with corn stunt and stubborn disease of citrus
plants (52, 53, 175), and acting as suckling mouse
cataract agent (40, 41, 61, 215) were thought in
early investigations to be spirochetes. However,
the absence of an axial fibril (Fig. 2b), lack of
immunogenic cross-reactivity with species of
Leptospira, Spirochaeta, or Treponema, and a
low guanosine plus cytosine content (26% versus
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35 to 39%, 38 to 40%, and 56 to 67%, respectively)
exclude these microorganisms as members ofthe
order Spirochaetales.

Morphological Studies of Spirochete-Host
Interactions

In general, the morphology of spirochetes oc-
curring within a host is similar to that already
described for free-living spirochetes and for
some host-associated treponemes examined in
vitro. The only apparent morphological differ-
ence noted in spirochetes examined in situ oc-
curs at their cell surface, especially at the poles.
This polar differentiation undoubtedly permits
spirochete-host cell interaction by way of spiro-
chete adhesion to host tissue. In several in-
stances the spirochete actually penetrates the
host cell membrane.

Brine Shrimp Association
Spirochetes infecting A. salina are morpho-

logically similar to those already described in
this review and are found in both intra- and
extracellular sites and in the hemocoel (see Fig.
20c), the cavity through which blood flows in
arthropods. The hemocoel is not a true coelunm,
in that it is not entirely surrounded by mesoder-
mal tissue, but is a cavity derived from the
embryonic blastocoel. Spirochetes are also found
in the three main parts of the maxillary (kidney)
gland-the end sac, efferent muscle fibers, and
hypodernal cells of A. salina (218), where they
are closely associated with the basal lamina.
Within the efferent tubule epithelium, the in-
fecting spirochetes appear to occupy (are the
cause of?) a "cave-like indentation" of the epi-
thelium. The observation that in some areas the
basal lamina is broken, or discontinuous, sug-
gests some destructive interaction between the
spirochete and the basal lamina. The spirochetes
infecting A. salina usually possess two 15-nm-
diameter axial fibrils per spirochete; although
the number of fibrils varies, the apparent maxi-
mum is four. This seeming variability most prob-
ably results from differences in cell age, physio-
logical condition, or the level at which the spi-
rochetes were sectioned. When observed in
ground cytoplasm of A. salina, the spirochetes
have a tubular structure associated with them
(221). These tubules appear nearly identical in
morphology to the outer sheath seen in thin
sections of these spirochetes and are only ob-
served in the host-ground plasm. Tyson (221)
suggests that the tubules may in some way be
associated with the establishment and mainte-
nance of an intracellular existence. They may
well, however, represent only the sloughing-off
of outer sheath material. Spirochetes are also

found in A. salina amoebocytes, within mem-
brane-limited digestive vacuoles where they ap-
pear to be partially digested; it is thus possible
that the amoebocyte may be functioning as a
phagocyte (221).

Swine Dysentery
One of the spirochetes implicated in swine

dysentery may be T. hyodysenteriae (21, 65, 77,
83, 102, 166, 168, 210, 211, 213, 225), a large,
loosely coiled spirochete, approximately 5 to 8
um long and 300 to 800 nm in diameter. The
number of axial fibrils inserted into each of the
cell poles varied between 7 and 9, with 14 to 18
fibrils observed to overlap in the center of the
cell (73, 85). These spirochetes may be morpho-
logically identical to those originally described
as being associated with swine dysentery (21, 83,
166, 168, 210). T. hyodysenteriae has been found
in the lumen of intestine, in goblet cells, on
luminal surfaces (see Fig. 19a), and in mucosal
crypts (74, 83, 176, 210). As the disease pro-
gresses, more T. hyodysenteriae are found in
intestinal epithelial cells. Specific attachment
sites or attachment appendages are not observed
in or on T. hyodysenteriae; thus, the spirochete
may gain entrance to the host tissue by some
form of endo- or phagocytosis. In pigs displaying
swine dysentery, Harris et al. (84) have observed
large spirochetes, presumed to be T. hyodysen-
teriae, on the colonic epithelium surface (see
Fig. 19a). The spirochetes appear to be located
between distorted or degenerate microvilli.

In addition to this large spirochete, both con-
trol and infected pigs contain on their mucosal
surfaces small- and medium-sized spirochetes,
approximately 4 to 5 by 0.2 to 0.21 nm, which
are considered indigenous to the animal (176).

Syphilis
Some of the earliest ultrastructural studies of

spirochete-host associations involved studies of
T. pallidum from human syphilitic lesions (134,
162, 231, 232). For these morphological studies,
material was removed from a lesion, placed in
suspension, and then examined microscopically.
Obviously, any anatomical relationship that ex-
isted between the microorganism and the host
tissue was destroyed or completely disorganized.
The studies by Drusin et al. (58) and Ovcin-

nikov and Delektorskij (152-154) represent some
of the earlier electron microscopic observations
of T. pallidum in material taken directly from
syphilitic lesions. These studies showed that T.
pallidum in both human and rabbit lesions were
located almost exclusively in the extracellular
ground substance and in association with colla-
gen fibrils of testicular tissue, and these studies
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were soon followed by those of Lauderdale and
Goldman (123), who employed serial thin sec-
tioning to show clearly that some T. pallidum
did penetrate fibroblasts, Leydig cells of mono-
cytes, and mesenchymal cells in infected rabbits.
Similar observations were made by Sykes and
Miller (204), using T. pallidum Nichols-
infected rabbits.
Examination of human biopsy material from

a primary lesion revealed T. pallidum in fibro-
blasts, as well as in epithelial spaces (206). Re-
cently, Sykes and Kalan (203) also showed T.
pallidum in vacuoles offibroblasts and epithelial
cells and lying along and among collagen fibrils
in a human syphilitic lesion (Fig. 17b and d).
Ovcinnikov and Delektorskij (156) have also ob-
served T. pallidum in the endo-, peri-, and epi-
neurium of nerve fibers in experimental syphi-
lomas of rabbits (Fig. 17a and c), whereas Wecke
et al. (reference 229; Fig. 18a) have visualized T.
pallidum in macrophages of a primary chancre,
as well as embedded in collagen fibrils (Fig. 18b).

It is interesting that those T. pallidum found
within cells are generally smaller and thicker (1
to 1.7 by 0.35 nm versus 5 by 0.1 nm) than those
found in extracellular spaces. In addition, the
intracellular T. pallidum cytoplasm was more
electron dense. Similar observations have been
made by Tyson (222) in brine shrimp-spirochete
association. It is possible that the presence of
the spirochetes intracellularly results in activa-
tion and/or release of chemical constituents (en-
zymes) that result in breakdown of procaryotic
membrane permeability, and thus effect a loss
of soluble spirochete components; hence, a com-
paction of macromolecular cytoplasmic constit-
uents results in an increase in staining density of
the microorganisms. Alternatively, the loss of
membrane integrity may enable better stain
penetration and thus increase stain density.

Skin Lesions: Yaws

When cultivated in skin and lymph nodes of
hamsters, T. pertenue, the etiological agent of
yaws, display an ultramicroscopic morphology
(101) similar to that of T. pallidum Nichols and
T. cuniculi; the cells are approximately 8 to 15
,um long and 0.15 ,um wide and have at least
three axial fibrils that insert into each of the
pointed ends. Of interest is the observation that,
in negatively stained T. pertenue Gauthier, thin,
surface, or peripheral fibrils, 1 to 5,m in length
and 2 to 3 nm wide, are seen. Hovind-Hougen et
al. (101) refer to these fibrils as "fimbriae"; how-
ever, they are not at all similar to the fimbriae
(pili of reference 32) observed on the surface of
Escherichia (32), Pseudomonas (26, 27), or

Neisseria (202) species. These fimbriae are mor-
phologically very reminiscent of the surface fi-
brils observed by Yanagihara et al. (235, 236) in
L. interrogans biflexa Urawa. Similar "fim-
briae" have not yet been observed in T. palli-
dum Nichols or in T. cuniculi. Thin-sectioned
T. pertenue Gauthier-infected hamster skin re-
veals treponemes only within intercellular
spaces in the stratum basale; they are never seen
within or between cells of the dermal layer.

Gastrointestinal Tract
In a most interesting series of cytological in-

vestigations, Savage (180, 181), Savage and Blu-
mershine (182), Savage et al. (184), Takeuchi
and Zeller (207, 208), and Davis et al. (51) were
able to show that morphologically distinct mi-
croorganisms inhabit different regions of the
gastrointestinal tract of mice, rabbits, monkeys,
and rats. In a given type of animal, not only are
the microorganisms at an anatomical location of
constant type, but they appear to "prefer" that
anatomical location within the tract.
The rat cecum contains at least three recog-

nizably different morphological microbial types,
referred to as types I, II, and III (Fig. 19b;
references 51, 208). The crypt of the cecum is
heavily infested with microorganisms. One spi-
rochetal type (type 1) is a Borrelia-like cell,
measuring approximately 0.25 to 0.40 by 2.7 ,um
and containing 6 to 14 axial fibrils, each ofwhich
is 18 to 21 nm in diameter. These organisms
occur at the base of goblet cells (Fig. 19b). Sim-
ilar morphological types are observed in macro-
phages in the lamina propria. The two other
morphological types are not spirochetes, are ob-
served in macrophages in the lamina propria,
and appear similar to spirilla.
Takeuchi and Zeller (208) have observed spi-

rochetes similar to the Savage type I (51) orga-
nism. These occur at the brush border of the
large intestinal epithelium of rhesus monkeys
(Fig. 20a), are 3 to 6 bY0.2 to 0.4,um, and contain
8 to 12 axial fibrils apparently crossing at the
cell's mid-region. As is apparent in Fig. 20a,
these spirochetes almost totally replace or at
least mask the microvilli in the brush border.
Erlandsen and Chase (63, 64) have observed
what appear to be spirochetes (spiral microor-
ganisms) in the crypt of Lieberkiihn and within
digestive vacuoles in Paneth cells in small intes-
tine. It is not clear, however, whether these
spiral microorganisms are indeed spirochetes.
The question as to whether or not spirochetes

can be considered normal inhabitants of human
intestine has recently been addressed by Minio
et al. (141), who observed that colonic mucosa
of healthy humans contains spirochetes at-
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FIG. 17. Electron micrographs of T. paUidum in rabbit tissue. T. pallidum in the endo-, peri-, and
epineurium (a) and in a peripheral nerve fiber (c). In (a) and at high magnification (c), the treponemes have
displaced a portion of the coUagen fibers and appear in an electron-transparent space. Five treponemes may
bepresent in the nerve fiber cross-section (c), in which there is massive destruction ofcollagen fibers. Note the
many axial fibrils in cells sectioned transversely (c, arrows). T. pallidum is also seen localized within a
fibroblast from the lamina propria (b) and a Leydig interstitial cell (d). The entrapped treponemes are
outlined and are seen more clearly at high magnification in (e). (a, c) Glutaraldehyde + osmium fixation,
UAC-lead citrate stained; (b, d) glutaraldehyde + osmium fixation, uranyl nitrate-lead citrate stained. (a, c)
are from reference 156; and (b, d, e) from reference 204.
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FIG. 18. Electron micrographs of T. pallidum in aprimary chancre ofa humanpenis. T. pallidum, engulfed
by a macrophage (a), appears to have been in theprocess of beingphagocytized (arrow) at the time offixation.
T. pallidum, high magnification, in infected tissue (b); tailless arrow indicates the possible boundary between
the intracellular space and tissue of the host cell. Note the multiple number of axial fibrils (tailed arrow)
typical of T. pallidum. The treponemes have invaded the intercellular space (c). Glutaraldehyde + osmium-
potassium chromate fixation, UAC-lead citrate stained; from reference 229.

tached to superficial and cryptic cells (Fig. 20b).
The spirochetes are slender (0.4 to 5 ,um in
diameter) with narrow tips or ends. Similar spi-
rochetes are found between microvilli in contact
with the epithelial plasmalemma, within patent
intracellular spaces, and in close proximity to
the opening of these spaces into the intestinal
lumen. Morphologically similar spirochetes are

also observed in the lamina propria and in the
lumen of crypts, but they are present in smaller
numbers than those associated with microvilli.
There is no evidence of any phagocytic activity
by epithelial cells or for that matter of inflam-
matory reactions against these spirochetes. The
existing evidence of a nonspecific destruction of
host epithelial cells needs further examination,
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FIG. 19. Electron micrographs of intestinal organisms. T. hyodysenteriae (a) on the intestinal surface of an
afflicted pig. The cecal crypt (b) from a normal rat containing at least three distinctly different morphological
types of bacteria. In (a), the spirochetes are located between distorted or disrupted microvilli and are in close
proximity, but are not visibly attached, to the luminal surface. The cecal crypt of the normal rat (b) contains
numerous spirochetes (Savage type I) as well as type II (double arrows) and III (arrows) organisms. The axial
fibrils limiting outer sheath andprotoplasmic cylinder membrane of a type I spirochete are seen in the high-
magnification micrograph (c). Glutaraldehyde + osmium fixed, UAC-lead citrate stained. (a) is from reference
84; and (b) from reference 51.
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FIG. 20. (a, b, d) Electron micrographs of intestinal spirochetes; (a) brush border of the large intestinal
epithelium of a rhesus monkey; (b) a portion of an epithelial cell of a normal human colon; and (d) the apex
of the colonic epithelium from a rectal biopsy from a patient with systemic lupus erythematosus. The
spirochetes are either free within the intestinal lumen or in close association with the microvilli; in (a), they
nearly replace the microvilli, and in (d) spirochetes and the epithelial surface are closely apposed but
separated by a fine, fuzzlike material (arrows). Electron micrograph of the cytoplasmic region of the end-sac
epithelium of the maxillary gland of brine shrimp, A. salina (c). In transverse section, one axial fibril (arrow)
is apparent in the spirochete. (a) Glutaraldehyde + osmium fixation; (b, d) osmium fixation; (c) osmium-
s-collidine fixation. All samples stained with UAC and lead citrate. (a) is from reference 207; (b) from reference
141; (c) from reference 220; and (d) from reference 68.
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inasmuch as only one method of tissue prepa-
ration was employed, and epithelial cell altera-
tion due to other external stimuli cannot be
ruled out. Harland and Lee (82) and Gear and
Dobbins (68), in electron microscopic investiga-
tions of human intestinal spirochetosis, have
observed spirochetes, morphologically similar to
Borrelia species, approximately 3 ,um in length,
found between microvilli at the colonic epithelial
cell apex (Fig. 20d). The spirochetes are sepa-
rated from the surface of epithelial cells by an
electron-transparent space, and thus there is no
apparent physical attachment or invasion ofhost
tissue. Lee et al. (125) and Toner et al. (214)
have observed, in their study of human spiro-
chetosis, attachment of spirochetes directly to
the surface of the colonic epithelium, although
the organisms did not appear in the cells.
Whether the attachment may induce formation
of spirochete-associated extracellular material
(e.g., acid mucopolysaccharide), similar to that
described recently by Zeigler et al. (237) for
virulent T. pallidum Nichols, remains to be de-
termined.

Xylophagous Insects
Extraordinarily interesting microbial associa-

tions are found to occur in guts of xylophagous
insects such as termites, Reticulitermes flavipes
(Kollar), and wood-eating roaches, Cryptocercus
punctulatus (28). The hindgut of these animals
contains a variety of small bacteria and large
protozoa; the bacteria either are free within the
gut, (Fig. 21i, 22d, and 23c), are physically at-
tached to the linings of the gut, (Fig. 21i, 22f,
23a, and 24b), or occur on the surface of the
protozoa (Fig. 21a and h). Outstanding among
the protozoa is Pyrsonympha, which contains
not only numerous microbial types within its
cytoplasm but also very thin (0.2- to 0.25-sun
diameter) spirochetes attached to its outer cell
surface (Fig. 21a and h, 24). These spirochetes
are of interest because ofthe tenacity with which
they adhere to the protozoan surface. The pres-
ence of narrow, pointed ends in these spirochetes
(Fig. 21f) is consistent with their insertion into
the grooves or depressions in the protozoan cell
surface, but this supposed interaction has not
been observed clearly; instead, the narrow end
of the spirochete comes only within 30 to 50 nm
of the protozoan surface (Fig. 21f and i). It is
possible that this 30- to 50-nm separation or
space reflects the presence of adhesive or ce-
menting material (glycocalyx) that could func-
tion to anchor the spirochete to the protozoan
surface. Freeze-fracture (Fig. 21b and c) exami-
nation reveals the spirochete surface to be
grooved and with equidistant ridges. Such

grooves could also function to attach the spiro-
chete at various points along the surface.
On another protozoan, Barbulanympha,

which also inhabits the hindgut of Cryptocercus
(reference 24a), spirochetes with similar narrow,
pointed ends have been observed (Fig. 23). How-
ever, as is apparent in Fig. 23a and b, these
spirochetes appear to insert directly into the
surface membrane of Barbulanympha.
A similar polar differentiation has been ob-

served in spirochetes from gut contents of R.
flavipes (Kollar) termites (Fig. 22; S.C. Holt,
unpublished). The cell poles were either long,
slender structures, with the protoplasmic cylin-
der consisting of fine transverse striations (Fig.
22a), or flat to bullet-shaped structures (Fig. 22b
and c). The amorphous material at the end of
the cells (Fig. 22c) could represent an attach-
ment material (either membrane, polysaccha-
ride, or other cementing material).
Grimstone (75) and Cleveland and Grimstone

(42) have observed spirochetes in hindguts of C.
punctulatus. They describe, also, a large poly-
mastigote flagellate, Mixotricha paradoxa,
which inhabits the guts of wood-eating termites,
Mastotermes darwiniensis. The more common
and abundant spirochetes found associated with
C. punctulatus are approximately 1 tum in di-
ameter and 12 to 15,um long. Many axial fibrils,
numbering between 60 and 100, are observed
(Fig. 24a). The remainder of the spirochetes
found in the gut are small in size and number.
The surface of M. paradoxa is covered, both

anteriorly and posteriorly, with microorganisms.
These organisms adhere to the protozoan in
specific association with its surface ridges
(brackets); the anterior face of each bracket has
an encapsulated bacterium lying in its shelter,
whereas the posterior face of the bracket has a
fringe of adhering spirochetes (Fig. 24b). The
spirochetes attach or insert into depressions in
the bracket and are in intimate contact with the
plasma membrane of the flagellate. The spiro-
chetes associated with Mixotricha are smaller
than those seen in C. punctulatus (0.15 ,um in
diameter and 10 jtm long, with one to two axial
fibrils). A larger spirochete, 0.5 by 25 um with 15
axial fibrils, is also seen adhering to M. para-
doxa. An amorphous electron-dense material is
noted on the outer sheath of the Mixotricha-
associated spirochetes.

In an elegant study of the epi- and endobiotic
bacteria associated with Pyrsonympha vertans,
Smith and Arnott (194) have observed a highly
differentiated region at one end of several gram-
negative bacteria presumed to be spirochetes
(Fig. 21d and e), although axial fibrils are not
seen regularly. In Fig. 21d, an expansion of the
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FIG. 21. Spirochete-Pyrsonympha association. (a, h) are scanning electron micrograph and whole-cell
mount ofPyrsonympha with numerous surface-associated spirochetes, respectively. Spirochetes protrude from
the cell surface and are readily distinguished from the large terminalprotozoan flagellum in (h). Freeze-etch
replicas (b, c) show both the ridged surface of the spirochete as well as the narrow cell pole that is closely
associated with the surface of the Pyrsonympha cell membrane. Spirochete may be separated from the
protozoan surface by an electron-opaque space (f, arrow) or associated with the cell surface of Pyrsonympha
through thin fibers (i, arrow). High-magnification micrographs (d, e, g) reveal that one pole of the spirochete
consists of a specialized expanded region with parallel fibers that attach to a specialized region of the
protozoan surface. This is clearly seen in (d), where the spirochete Pyrsonympha membrane is connected
through a transition zone. The parallel fibers (d, arrow) may be extensions of the outer membrane of the
spirochete and may be involved in attachment to the protozoan membrane. Thin sections: (d through g, i)
glutaraldehyde + osmium fixed, UAC-lead stained. (a through c, t) are from reference 24; and (d, e, g through
i) from reference 194.
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FIG. 22. Electron micrographs of various spirochetes found in the hindgut of termites, R. flavipes. In (a
through c) spirochete terminal cell poles are seen to vary from long, narrow striated structures (a, arrow) to
flattened, plunger- or cuplike regions (b, c). In (c), the cellpole is flattened and contains parallel fibers (small
arrow) and an attached electron-transparent material (large arrow) that may be a fragment of a host-cell
membrane. Spirochetes are seen free in the lumen of the gut (d) as well as attached to host-cell membrane (f,
triangle). Note the electron-dense fuzz in (t) and (g, arrow); the association of a spirochete through this fuzz
to the protozoan membrane is seen more clearly in the high-magnification enlargement (g). The clear areas
immediately below the host-cell membrane may represent vesicles involved in spirochete detachment. Trans-
verse section: (e) numerous axial fibrils located between the outer sheath and the protoplasmic cylinder. (a
through c) NH4MoO4, negative stain; (d through g) glutaraldehyde + osmium fixation, UAC-lead citrate
stained (S. C. Holt and E. Canale-Parola, unpublished).
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FIG. 23. Electron micrographs of smaU spirochetes attached to the ceU membrane of the flagellate
protozoan Barbulanympha isolated from the hindgut of C. punctulatus (a, b) and Pillotina spirochetes (c, d)
from the hindgut of R. flavipes. In (a), three slender spirochetes have their narrow, pointed ends inserted
directly into the cell membrane; note that only one end of the spirochetes is so differentiated. One spirochete
appears associated with the protozoan surface by its pointed end, which is enmeshed in a slightly electron-
dense matrix (a, arrow). At higher magnification, the differentiated end (b, arrow) of the spirochete is seen in
direct contact with the protozoan cell membrane; this end is electron dense, with some banding apparent
within the outer sheath. The Pillotina spirochete seen in longitudinal section (c) is representative of these
large spirochetes, contains numerous axial fibrils, has a wrinkled or crenated outer sheath, and a groove, or
sillon (c, d, arrow), characteristic of thisproposed genus. The sillon may be continuous with the interior of the
protoplasmic cylinder. Glutaraldehyde + osmium fixation, UAC-lead citrate stained. (a, b) are from reference
24a; and (c, d) courtesy of R. A. Bloodgood.
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FIG. 24. Electron micrograph (a) ofa transverse section ofa large spirochete associated with C.punctulatus.
The spirochete contains an outer sheath with attached electron-dense fibers (a, arrows). Numerous axial
fibrils are present between the outer sheath andprotoplasmic cylinder, which is connected to the outer sheath
(large arrow) by several fibers. In (b), four spirochetes are associated with brackets in the cell membrane of
the protozoan M. paradoxa; the spirochetes are separated from the protozoan bracket by a slightly electron-
opaque fibrous region (b, arrows, a through d [high magnification], c). No terminal specialization is noted in
these spirochetes. Osmium fixation, UAC stained. (a) is from reference 75; and (b) from reference 42.

end of the cell into a cup- or plunger-like struc-
ture, together with a series of parallel fibers and
disks, is apparent. This flat end of the spirochete
attaches to the surface membrane of the proto-
zoan through a series of dense fibers (Fig. 21e
and g) and comes to a point of attachment on
brackets in the protozoan surface that extended
outward from the cell body (Fig. 21i, arrow).

In contrast to the highly differentiated ends
of spirochetes found associated with Pyrsonym-
pha, the ends of spirochetes associated with
Mixotricha and Cryptocercus appear to be un-
differentiated (Fig. 24b). Careful examination of
the interface between the plasma membrane of
the bracket and the spirochete pole reveals the
presence of a densely staining material that,
again, may function in cell-cell adhesion (Fig.
24c).
A spirochete of unusual morphology has been

observed within the hindguts of R. flavipes and

Cryptocercus (Fig. 23c and d; R. A. Bloodgood,
personal communication; reference 212a). This
large spirochete is approximately 1,um in diam-
eter, contains numerous axial fibrils, and is con-
sidered by Margulis and Bloodgood (personal
communication) to be a member of a new genus,
Pillotina (89); in contrast to the other free-living
and host-associated spirochetes so far examined,
these spirochetes have a characteristically wrin-
kled or crenated outer sheath (Fig. 23d). In
longitudinal section (Fig. 23c), the numerous
axial fibrils are threadlike. The extensive space
between the outer sheath and the protoplasmic
cylinder may be a consequence of preparative
procedures employed.
Smith et al. (195) have attempted to describe

a morphological sequence in the formation of
the spirochete attachment site in the polymas-
tigote flagellate of R. flavipes. Although a syn-
chronized developmental sequence was not ob-
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served, some reconstruction of the sequence of
events in attachment site development is possi-
ble. The primary event in attachment site for-
mation appears to involve differentiation of lo-
calized regions of the flagellate surface (plasma
membrane) into surface protrusions. These pro-
trusions enlarge into brackets by the uneven
growth of the plasma membrane and result in
formation ofa raised region, "the mature attach-
ment site." When viewed longitudinally, the at-
tachment site resembles a screw, the head of
which projects posteriorly along the flagellate
surface, as the screw shaft acts to reinforce the
site anteriorly. The attachment sites may be
transitory, for they detach from the flagellate
surface at random. The actual mode of spiro-
chete recognition of, or attachment to, the at-
tachment site is unknown.
This transitory nature of attachment site for-

mation seems to present an interesting control
problem for the protozoan; how do the correct
number of sites arise to accommodate the re-
quired number of spirochetes? Or do the "sites"
arise in response to spirochetal attachment?

Spirochete and attachment site detachment
from the flagellate surface is postulated to occur
by the formation of vesicles just internal to the
attachment site (Fig. 22f and g). The vesicles
appear to grow, fuse, and eventually undercut
the attachment site, enabling its release from
the protozoan surface, perhaps aided by move-
ment or rotation of the attached spirochete.
The presence of these spirochetes on the pro-

tozoan surface and within the guts of termites
and other animals lends itself to interesting and
provocative interpretations regarding function,
several ofwhich have been discussed by Breznak
(28). So, for example, surface-associated spiro-
chetes may be involved in protozoan motility or
as chemoreceptors for scavenging for nutrients.
They could also act in tactic phenomena, moving
the protozoan out of areas of discomfort or dan-
ger. Within the gut, the spirochetes as well as
the large number of other microbial types could
function in the breakdown of ingested sub-
strates, especially non-metabolizable large mol-
ecules, or they could function in nitrogen fixation
(28, 30). In this way, energy and macromolecules
generated by the spirochetes could be shared or
utilized by the host.

CONCLUDING REMARKS
Ultrastructural examination of spirochetes

has established their procaryotic nature and the
one ultrastructural feature-the axial
fibril-that sets them apart from other procar-
yotes. But organisms of quite different physio-
logical states have been examined, and there is

every reason to believe that environmental ef-
fects on anatomical details will be important in
this group as is regularly shown in other groups.
Hence, detailed comparisons possible at this
time may not be as realistic as those of the
future.
Such comparisons may well be especially sig-

nificant when host-associated organisms are ex-
amined vis-a-vis free-living forms in attempts to
discern possible ultrastructural bases and cor-
relates for their respective life styles.
The interrelationship of structure and func-

tion may be of profound importance in terms of
the localization and chemical characterization of
spirochetal LPS, the quality and quantity of
enzymes likely present in the periplasmic space,
and the nature of the surfaces of the cells' outer
layers. In part or in whole, these features un-
doubtedly play cardinal roles in determining the
nature of host-spirochete relationships. The
specificity of spirochetal attachment to particu-
lar host cells and the potential of spirochetal
periplasmic enzymes, for example, to degrade
host barriers directly, or of LPSs of differing
chemical composition to elicit different host re-
sponses, are of obvious import in the ecology of
host-associated forms.
A clear understanding of the chemical nature

of the outer sheath, its biosynthetic origins, and
modes and locales of attachment to the classical
gram-negative outer membrane may be instruc-
tive in perceiving, again, attachment/inva-
siveness relationships not only to host cells or to
survival in other environments, but also to the
mechanisms of spirochetal movements. Struc-
tures other than the axial fibrils may have roles
in such movements, and thus the nature and
activity of the microtubule-like protoplasmic
structures, the helical, cytoplasmic, and peri-
mural fibrils, and the sheath itself must be as-
sessed in this vein.
One can be confident, accordingly, that with

the basic anatomical details now charted, future
scrutinizing of spirochetal structure will be ac-
companied by enhanced comprehension of or-
ganismal function(s) and, hence, the eventual
perception of why a given organism occupies a
particular habitat.
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